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Abstract 
The effect of soft segment, isocyanate and chain extender chemical structure 
on the physical and mechanical properties of thermoplastic polyurethane 
elastomers was systematically investigated. Several series of materials were 
produced with identical stoichiometry and under the same reaction conditions. 
The raw materials used to synthesise these materials were systematically 
altered to facilitate comment on the influence of molecular weight, cohesive 
energy density (CED) and molecular geometry on the phase separation 
phenomena observed in polyurethane elastomers. 
A series of materials were synthesised using 4,4'-methylenebis(phenyl 
isocyanate) (MDI), 1,4-butanediol and various polyols. A second group of 
materials was produced with a range of polyols and diisocyanates and 1,4-
butanediol as the chain extender. The final series investigated the influence 
of structural geometry within the chain extender by the systematic addition of 
CH2 blocks to the chain extender in an otherwise constant system. 
The properties of these materials and the morphologies giving rise to them 
were characterised using such techniques as Fourier-transform infrared 
spectroscopy (FTIR), differential scanning calorimetry (DSC), modulated-
temperature differential scanning calorimetry (M-TDSC), dynamic mechanical 
thermal analysis (DMTA), wide angle X-ray scattering (WAXS), tensile testing 
and cohesive energy density (CED) studies. 
Variations in the chemical structure and cohesive energy density of the polyol, 
isocyanate or chain extender were found to have a significant impact on the 
degree of phase separation and properties of the materials stUdied. All of the 
materials in this study yielded experimental results that suggested they were 
phase separated to a greater or lesser degree. 
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The properties of the elastomers manufactured with MOl were dominated by 
their soft segments. Where large scale soft segment crystallisation was 
feasible the drive to order the soft segment appeared to dominate the drive to 
order the hard segment. This phenomenon was particularly noticeable for 
materials produced from the polyester 1412 material which possessed a very 
regular soft segment structure and formed very well ordered regions of soft 
segment crystallinity. 
The results of the CEO calculations for the PTMG materials with various 
diisocyanates showed that the two TOI variants, the pure 2,4- substituted 
isomer and the 80% 2,4-, 20%- 2,6- mixture, had a substantially larger 
thermodynamic drive to phase separate than the materials produced with the 
MOl and HOI diisocyanates. However, the practical results did not provide 
evidence to support this postulation. Consideration of the thermal data for all 
of the soft segments employed consistently showed that the MOl and HOI 
materials possessed a higher degree of phase separation and generally a 
higher percentage of hard segments in well ordered domains then the TOI 
variants. 
Analysis of the a,m-diol chain extended materials showed that the sequential 
addition of a single -CH2- unit did not significantly alter the degree of phase 
separation in this series of materials. However, it was also found that the 
magnitude of order within these phase-separated regions differed markedly. 
Although the cohesive energy density calculations appear accurately to 
predict the level of thermodynamic drive for phase separation, they do not 
give any indication of the form the hard and soft segment domains will adopt. 
This is due to other factors which will have a more Significant influence on the 
form of the domains. These factors include hard segment content, soft 
segment molecular weight and in some systems geometry, symmetry, polar 
groups and steric factors. 
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Introduction 
The aim of this study was to investigate structure property relationships in 
polyurethane elastomers and the forces that drive phase separation. A 
greater understanding of the various factors which influence phase separation 
and micro-domain reinforcement phenomena would allow materials to be 
designed which encourage optimum properties to be derived under 
appropriate reaction conditions. This considered approach to formulation 
would have benefits in performance and also economic benefits. 
The approach undertaken here was to produce several series of polyurethane 
elastomers, by systematically varying the initial chemical reactants, and 
characterise them, allowing comment to be made on the influence of the 
selected components. The results of the characterisation from the series 
were then compared and contrasted. This range of materials allowed 
comment to be made not just on the factors which drive phase separation, but 
also on those which influence the strength of the interactions within these 
domains and their influence on the properties of the elastomer. The series of 
elastomers studied are described below. 
1. A series of elastomers was produced with the same hard segment 
(MOl and 1,4-butanediol), but with a range of soft segments. The soft 
segments selected all had low monol content and a functionality of no 
less than 1.99 and no greater than 2.04. This series of materials was 
produced to enable general comment to be made on the influence of 
soft segment structure and cohesive energy density mismatch between 
the hard and soft segments. 
2. Three series of materials were produced in which 1,4-butanediol was 
used as the chain extender, but different diisocyanates and soft 
segments were employed. The three diisocyanates used were pure 
2,4-substituted TOI, an 80/20 mixture of 2,4- and 2,6- substituted TOI, 
v 
as is commonly used industrially, and HD!. These three series of 
materials allowed comment on steric and symmetry factors as well as 
CED mismatch. 
3. The final series of elastomers was synthesised from PTMG 1000, MDI 
and a range of aliphatic a,re-diol chain extenders, in which one CH2 unit 
was systematically added giving eight materials from 1,3-propanediol 
to 1,10-decanediol, enabled comment to be made on several aspects 
of the structure-property relationships and CED considerations which 
may drive phase separation in these materials. 
The effects of these variations, in the chemistry of the polymer backbone, on 
phase separation and properties of the final elastomer were assessed using 
DSC, M-TDSC, tensile testing, WAX, DMTA and Fourier transform infrared 
spectroscopy. 
Values for cohesive energy density for all of the components of each material 
and the final elastomer were calculated using the model out-lined by 
Porter(248) based on the group contribution values of Bondi as used by Van 
Krevelen(249). These results were discussed and used in conjunction with the 
experimental data to form a reasoned argument for the importance of the 
various factors that influence the formation of phase morphology in 
polyurethane elastomers. 
The format of this thesis is described below. 
Chapter 1. An introduction to polyurethane chemistry. 
Chapter 2. A brief literature review of the influence of various factors on the 
phase structure and properties of polyurethane elastomers. 
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1.1 Background 
Polyurethane macromolecules were first prepared by Dr Otto Bayer(1) in 1937 
as part of a programme of work devised as a competitive response to the 
polyamides, or nylons, being developed by DuPont. Since this initial work, 
polyurethanes have received a great deal of attention from researchers due to 
their wide ranging properties(2,3) and versatility of processing, Their major use 
is as cellular products, but elastomers, plastics, surface coatings, fibres, 
sealants and adhesives are also produced in increasingly large volumes, The 
applications of urethane elastomers greatly increased in the 1980s, primarily 
because of the commercialisation of reaction injection moulding (RIM) which 
allowed greater automation, and, therefore, reduced production costS(4,5), 
The wide range of properties which can be achieved with polyurethanes is 
due to the diversity of starting materials which are available and the resulting 
variation in chemical structure of the products, Polyurethanes are 
characterised by the presence of repeated urethane linkages which can be 
synthesised via several routes, The only route of any commercial significance 
is that between a hydroxyl functionalised compound and an isocyanate, Often 
materials which contain urea linkages, produced from the reaction between 
an isocyanate and an amine are included under this generic name, 
--NH --C --0 --
11 
RHN --C --NHR' 
11 
o o 
Urethane Linkage Urea Linkage 
Figure 1.1. Urethane and urea linkages, 
Polyurethane elastomers are segmented polymers formed by alternating 
'hard' and 'soft' segments connected by urethane Iinkages(6), Most 
commercial polyurethanes are formed by reacting low molecular weight (600-
6000 g mor1) hydroxyl terminated polyether or polyester 'soft' segments, also 
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called polyols, with di- or polyfunctional isocyanates and low molecular weight 
di- or polyfunctional chain extenders, usually alcohols, amines or acids. 
Several chemical reactions are involved in the polymerisation process and 
these may be carried out simultaneously or in separate steps. More details of 
all of these components and their reactions are given later in this chapter. 
1.1.1 Classification of Polyurethanes 
Polyurethane elastomers(7) are generally considered to fall into one of three 
basic groups classified according to the method of processing by which they 
are produced. The selection of processing method is dependent upon the 
application, the properties required and, in a commercial environment, the 
length of a production run. 
Solid polyurethane elastomers are generally classified as castable, millable or 
thermoplastic. The basic chemical building blocks for these groups are 
identical. 
1.1.1.1 Castable Elastomers 
Castable polyurethane elastomers are liquid systems prior to being cured(2). 
They may be processed using many techniques including compression or 
transfer moulding, casting into open or closed moulds, spray coating and 
reaction injection moulding. Reaction injection moulded components and 
sprayed coatings are frequently employed in the automotive industry, for trim 
and coating applications where toughness and durability are important. 
The reactive components are often referred to as part A and part B. Part A 
generally contains the soft segment, any filler and additional reactive 
chemicals such as catalysts. The component referred to as part B is usually 
the prepolymer. The production of a prepolymer is described in chapter 3. All 
prepolymer liquids are produced with a small positive excess of isocyanate 
3 
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groups present. The higher the NCO content the faster the chain extension 
reaction occurs. This can be a useful feature for controlling pot life. 
Liquid castable urethane elastomers cover the hardness range <10 to >95 
IRHO (International Rubber Hardness Degrees) and hence are a unique class 
of polymeric materials in this respect. 
1.1.1.2 Thermoplastic Elastomers 
Thermoplastic elastomers are linear block copolymers(2). They are, in 
prinCiple, divided into two classes. Class 1 are completely soluble in solvents 
and possess no chemical cross-links before or after processing. Class 2 
materials possess no chemical cross-links before processing, but will develop 
a cross-linked structure if exposed to a heated post-cure. 
Class 1 materials are most commonly encountered and can be processed 
using traditional thermoplastic melt techniques such as extrusion, injection 
moulding and blow moulding. Class 2 materials are encountered less 
frequently, but are used in applications where high temperature, compression 
set and environmental stress cracking resistance is required. 
1.1.1.3 Millable Elastomers 
Millable polyurethane elastomers(2) are generally medium molecular weight 
products of polyesters and aromatic diisocyanates, usually TOI or MOL They 
are processed using the same techniques as for conventional dry rubber and 
the same reinforcing fillers. Cross-linking additives such as sulphur, for 
unsaturated polyesters and dimerised isocyanates are employed. Polymers 
derived from the reaction of a saturated polyester and MOl can be cross-
linked via a free radical mechanism employing peroxides(2). 
Millable elastomers with greater resistance to hydrolysis have been produced 
by Kincaid et al. (8) by reacting polycaprolactones with TDI and 
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trimethylolpropane monoallyl ether yielding a sulphur curable system. 
Polyether gums(9) are available commercially and are generally cured with 
peroxide or sulphur systems(10). 
1.2 Polyurethane Intermediates 
A segmented polyurethane elastomer may be considered to be a linear block 
copolymer of the type shown in Figure 1.2. 
-A-+-(B-B)n-A-C-t-A-(B-B)n-A 
where : A = Isocyanate rigid block 
(B-B)n = Polyol flexible block 
C = Chain extender 
Figure 1.2. The basic unit in an urethane block copolymer. 
As previously stated, this family of materials has very diverse properties due 
to the versatility of the three constituents which act as the basic building 
blocks for the elastomers: the polyol, diisocyanate and chain 
extenders/cross-linkers(11). A brief summary of some of the materials which 
are used in polyurethane formulations, and, where significant, their chemistry 
is given in this chapter. 
1.2.1 Isocyanates 
The development of polyurethane chemistry has been dependent on the 
development of isocyanates. There are alternative synthetic routes to 
polyurethanes, such as the reaction of chloroformic esters with diamines (1.1) 
or carbamic esters with diols (1.2)(2,5,11), but the only reactions of commercial 
significance are those involving isocyanates. 
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RNHCOOR' + HCI 
ROOCNHR" + ZOH 
The class of isocyanates which interest the polyurethane industry are the 
diisocyanates. Oiisocyanates are often divided into two classes. Aromatic, 
where the NCO group is attached directly to an aromatic ring, and aliphatic, 
where the NCO group is attached to a saturated carbon atom. The reactivity 
of the NCO group can be modified by steric hindrance(2.5.11), substituents(2.5.11) 
and catalysis(2.5.11), but generally aromatic diisocyanates are several times 
more reactive(2.5.11) than their aliphatic analogues. Aromatic diisocyanates are 
more widely used than aliphatic ones since as well as being more reactive 
they are also less volatile, and, therefore, easier to handle industrially. 
Aliphatic diisocyanates are selected for applications where UV stability is 
required, since they do not 'yellow' after prolonged exposure to light as 
observed with materials produced using aromatic diisocyanates(12). 
Relatively few diisocyanates are used by industry on a large scale. In 
elastomer production, the most significant are 2,4- and 2,6- toluene 
diisocyanate (TOI), 4,4'-methylenebis(phenyl isocyanate) (MOl) and its 
aliphatic analogue 4,4'-dicyclohexylmethane diisocyanate (HMOI). Novel 
diisocyanates(13-15) and diisocyanates with slight structural modifications(15-17) 
are still being developed. However, in recent years, no new materials have 
been adopted by industry for large scale production. Most diisocyanates are 
commerCially produced via the phosgenation of amines (1.3). 
(1.3) RNH2 coc~ ... RNHCOCI -HCI RNCO 
Examples of commercial diisocyanates produced via phosgenation are shown 
in figures 1.3 and 1.4(18). 
6 
1--
~NCO 
NCO 
NCO 
©Q 
NCO 
OCN~3 
~CH3 
NCO 
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4,4'-Oiphenylmethane diisocyanate (MOl) 
2,4- and 2,6- Toluene diisocyanate (TOI) 
1 ,S-Naphthalene diisocyanate (NOI) 
3,3'- Toluene- 4,4'-diisocyanate (TOOl) 
4,6 - Xylylene diisocyanate (XOI) 
m- and po Tetramethylxylylene 
diisocyanate 
(m- and po TMXOI) 
Para-Phenylene diisocyanate (PPOI) 
Figure 1.3. Aromatic diisocyanates produced via phosgenation. 
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Para-phenylene diisocyanate is often used in materials where a good 
resistance to high temperatures is required. Many of the other diisocyanates, 
such as naphthalene diisocyanate (NOI), are relatively expensive and mainly 
used in special products in the elastomer market. 
H3C>('YNCO 
H3CX . H3C CHrNCO 
1,6-Hexamelhylene diisocyanate (HDI) 
1,4- Cyclohexyl diisocyanate (CHDI) 
4,4'-Dicyclohexylmethane diisocyanate (H'2MD1) 
Isophorone diisocyanate (IPDI) 
Figure 1.4, Aliphatic diisocyanates produced via phosgenation. 
1,6-hexylmethlene diisocyanate (HOI) is derived from the nylon 6,6 
intermediate hexamethyl diamine and is used in fibre manufacture. 4,4'-
dicyclohexylmethane diisocyanate (HMOI) is often used in applications where 
UV, thermal and improved hydrolytic stability are desired. All of the aliphatic 
diisocyanates are utilised in paints and coatings. 
A sub-class of materials employed industrially are the polymeric isocyanates. 
These are generally MOl-derived materials developed for applications, for 
example conventional RIM, where the melting point of pure MOl (37- 41 QC) 
render it unsuitable. Liquid "MOl" is produced (see Figure 1.5) by the partial 
reaction of the isocyanate groups yielding carboidiimide groups followed by 
8 
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the formation of a cycloadduct by reaction with a further diisocyanate 
molecule(1B) . 
('YCH'Y) ~ ~ OCN NCO 
Figure 1.5. Formation of eutectic MOl. 
At room temperature these materials are tri-functional, but on heating the 
cycloaddition is reversed to give difunctional monomers. The carbodiimide 
groups act as stabilisers against acid degradation of the polymers produced. 
Many industrial users produce isocyanate terminated prepolymers which are 
liquids at room temperature and can be used in modern production 
equipment. 
1.2.2 Isocyanate Chemistry 
The majority of isocyanate reactions occur via addition across the C=N double 
bond. The highly unsaturated N=C=O group results in the isocyanates being 
9 
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very reactive with many classes of compound including themselves. In 
urethane chemistry we are primarily interested in the reactions of isocyanates 
with compounds containing active hydrogen atoms and self addition 
reactions. 
The reactivity of the isocyanate group is explained by considering the possible 
resonance structures and the resulting relative electronegativities of the 
atoms(18). 
e e e e 
-N-C=O - -N=C=O - -N=C-O 
0-0+0-
-N=C=O 
The relative electronegativities of the oxygen, carbon and nitrogen atoms 
results in the electron density being greatest around the oxygen atom and 
least around the carbon atom, hence the net charges. It is these net charges 
that result in nucleophilic compounds with active H atoms attacking the 
electrophilic carbon and addition occurring(18). 
The most important reaction in urethane chemistry is the reaction of 
isocyanates with alcohols to form carbamates or 'urethanes' (1.4). 
o 
11 (1.4) RNCO + R'OH -----, .. ~ RNH-II-C- OR' 
With primary and secondary alcohols the uncatalysed reaction proceeds 
rapidly at temperatures between 50 and 100°C. Tertiary alcohols react slowly 
and may require catalysis. The speed of reaction may also be affected by the 
substituents on the compound containing the active H-atom and isocyanate 
group. The rate of reaction increases when groups which increase electron 
density are present on the hydrogen donor and decrease reaction rate if 
10 
Chapter 1 The Chemistry of Polyurethanes 
present on the isocyanate(18). The reverse occurs if the substituent is electron 
withdrawing(18). 
Primary and secondary aliphatic amines and primary aromatic amines react 
rapidly(18) with isocyanates to form ureas (1.5). Less basic amines will react, 
but at a much slower rate(18). 
o 
(1.5) RNCO + R'NH2 11 ----'~~ RN'"'"II-C- NHR' 
If water is present any excess isocyanate will react with it producing carbon 
dioxide and an amine (1.6). The amine will then react with any additional 
isocyanate which is present yielding the urea. 
RNCO + H20 ----l~.. [RNHCOOH] 
(1.6) o 
11 
R'NCO + RNH2,....----l~ .. R'NH-C-- NHR 
This type of reaction, where CO2 is produced in conjunction with the 
urethane/urea, is the basis of the carbon dioxide blown polyurethanes foam 
industry(18). In all of these reactions, polymeric materials will be formed if the 
reagents have a functionality of two or higher. Bifunctional reagents will result 
in linear products (1.7) and higher functionality will give a crosslinked polymer 
(1.8). 
o 0 0 
11 11 11 (1.7) OCNR'NCO OIl( .. HO-R ---rOCNHR'NHCOR).,OCNHR'-NCO 
(1.8) 
,CONHR' 
~ /C~ 
R'HNOCO OCONHR' 
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At elevated temperatures (100-1400C) isocyanates will react with urethanes, 
ureas and amides to form allophanates (1.9), biurets (1.10) and acyl ureas 
(1.11), respectively. 
(1.9) RNCO + R'NHCOOR" .. RNHCON(R')COOR" 
(1.10) RNCO + R'NHCONHR" .. RNHCON(R')CONHR" 
(1.11) RNCO + R'NHCOR" .. RNHCON(R')COR" 
These reactions can lead to branching and crosslinking. The rate of reaction 
is very slow when compared to those for reactions with amines and 
alcohols(18). 
1.2.3 Self Addition Reactions 
Isocyanates react with unsaturated compounds, including themselves. One of 
the most important classes of isocyanate reactions are the self addition 
reactions. Aromatic diisocyanates will readily dimerise (1.12) in the presence 
of catalysts such as pyridine, or phosphines(18). Aliphatic diisocyanates will 
form trimers under these conditions(19) .. However, in the presence of 
phosphorous triamide dimerization will occur(20). 
~ 
(1.12) 2 RN CO 
-
/C" 
R-N N-R 
"/ ~ 
o 
12 
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Isocyanate trimers or isocyanurates will form (1.13) when isocyanates are 
heated to high temperatures or at lower temperatures in the presence of a 
catalysts(21) such as tertiary amines or metallic salts. 
~ 
R, /C ......... /R 
N N 
(1.13) 3RNCO 
- I I C C er ......... N/ ~O 
I 
R 
The introduction of the isocyanurate groups into a reaction system increases 
the average functionality per molecule, and, therefore, the degree of cross 
linking in the final polymer. The main advantage isocyanurates have over 
other potential cross linking groups such as allophanates and uretoneimines 
is their thermal stability. This technique for cross linking is routinely used in 
the polyurethane-polyisocyanurate foam industry. 
Isocyanates also react with themselves, in the presence of suitable 
catalysts(22.23), to form carbodiimides (1.14). 
(1.14) 2 RNCO - RN=C=NR + CO2 
Not all of the isocyanate is converted in this reaction sequence. The excess 
isocyanate then reacts with the carbodiimide to form a uretoneimine (1.15) (19). 
(1.15) RN=C=NR + RNCO ---
13 
~R 
/C" 
R-N N-R 
"~( 
o 
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This modification increases average functionality, with the obvious effect on 
cross link density, but also, when applied to MOl, gives a mixture with a 
freezing point below 20°C. 
Sterically unhindered isocyanates are polymerised by base polar (1.16) 
solvents yielding nylon-1 type polymers(24). 
1.2.4 Polyols 
Polyols used in elastomer formation are materials with active hydrogen 
atoms, as defined by the Zerewittinoff reaction(19), with molecular weights in 
the range 200-12000 (typically 1000-6000) and functionalities of 1-10 
(routinely 2-4). Usually, the active hydrogen is bonded to oxygen or nitrogen. 
The materials are referred to as polyols regardless of the hydrogens 
connectivity. The most frequently used polyols contain two or more reactive 
alcohol groups, followed by di- or polyfunctional polymers with reactive 
primary or secondary amines(25). Polymers produced from a mixed alcohol-
amine blend are usually referred to as polyurethanes. 
As the molecular weight of the polyol increases, the reactants produce a lower 
number of urethane groups and more flexible alkyl chains. The increase in 
soft segment molecular weight results in increasingly flexible elastomers 
when compared to those produced from lower molecular weight polyols such 
as 1,4-butanediol and 1,6-hexanediol, assuming the soft segment does not 
crystallise. Most high molecular weight polyols are produced by 
polymerisation processes. Castor oil, the structure of which is shown in figure 
14 
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1.6, is an examples of a naturally occurring polyol and is used as a low cost 
urethane coating component. 
o OH 
11 H H H21 
H2C--O-C-(CH2n-C=C-C-CH-(CH2)s--CHa 
o OH 
11 H H H21 
HC-O-C-(CH2n-C=C-C-CH-(CH2)s-CHa 
o OH 
11 H H H2 I 
H2C-O-C-(CH2h-C=C-C-CH-(CH2)s-CHa 
Figure 1.6. The structure of castor oil. 
The majority of high molecular weight polyols used industrially are polyethers 
or polyesters. Others such as materials derived from poly(isobutylene) (26.27), 
polyethylene(28), polybutadienes(29.32), polysiloxanes(33-36) and fluorinated 
polyethers(37) are used in specialised applications, but form a very small part 
of the industrial consumption. These materials impart properties such as 
superior resistance to hydrolysis and oxidation or improved chemical 
resistance, but their high cost restricts their use. 
Significantly larger volumes of polyethers are used industrially than 
polyesters. This is because a far greater volume of polyurethane 
intermediates are consumed by the foams industry then any other market 
sector. Polyethers are preferred in this area due to the high surface area of 
the product exposed to atmosphere. This results in a requirement for a 
hydrolytically stable polyol backbone. The hydrolysis process is much more 
rapid in polyesters than polyethers and if is this factor, combined with 
improved resilience and a softer product, that leads to the selection of 
polyethers. A sub-class of polyether polyols are the polymer polyols. These 
materials have a polyether backbone, but 20-30% of acrylonitrile and/or 
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styrene is added during polymerisation. The vinyl groups of these 
components act as internal organic reinforcing fillers giving improved 
toughness, desirable for many applications(18). Some common polyether 
polyols are shown in figure 1.7. 
Poly(ethylene oxide) glycol (pEG) 
Poly(propylene oxide) glycol (pPG) 
Poly(tetramethethylene oxide) glycol (P'IMG) 
Figure 1.7. Commonly utilised polyether polyols. 
Polyesters are selected for speciality foams and other applications where 
superior mechanical properties are required. Some common polyester 
polyols are shown in figure 1.8. 
Ho-Rfo-Co-RL-CO-O-R10H Poly(aIkylene) ester 
n 
H-f~CH~COt~R-OfCO{CH2JsoJ-~ Poly(caprolactone) ester 
HtofcH27.o-COt.O-ECH27.0H Poly(hexarnethylene carbonate) 
6 n 6 
Figure 1.B. Commonly utilised polyester polyols. 
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Polyether polyols are used almost exclusively for elastomer produced for the 
automobile industry by RIM. Although more expensive, they offer improved 
impact strength at low temperatures, high temperature stiffness and a flatter 
modulus vs temperature curve(2). These properties improve as the degree of 
phase separation increases(2). The phase separation is greater with polyether 
systems than polyesters as the polyether backbone is less polar, and, 
therefore, less compatible with the urethane/urea linkages. Furthermore, the 
less viscous polyethers allow much higher molecular weight polyols to be 
processed and these longer backbone lengths result in greater phase 
separation and improved properties. These issues will be covered in detail in 
the next chapter. 
1.2.5 Chain Extenders and Cross Linkers 
A wide variety of low molecular weight diols and diamines are utilised as 
chain extenders in polyurethane/polyurea syntheses. As shown in the 
isocyanate chemistry already presented the diols and diamines readily react 
with isocyanate functionality to form the polymeric product. Crosslinkers not 
derived from isocyanates (section 1.2.3) are very similar materials to chain 
extenders, but with a functionality greater than two. 
1,2-ethanediol, 1 ,4-butanediol, 
dihydrohybenzene and hydroquinone 
1,4-cyclohexanedimethanol, 1,4-
bis(hydroxyethyl ether) (HQEE) are 
frequently utilised as chain extenders whilst trimethylol propane (TMP) is 
commonly used as a cross linker. 
1,2-Ethanediol 
1,4-Butanediol 
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1,4-CycIohexanedirrothanol 
Hydroquinone bis(hydroxyethyl ether) 
(HQEE) 
TrimethyloJpropane aMP) 
Figure 1.9. Chain extenders used in the synthesis of polyurethane 
elastomers. 
Examples of diamine chain extenders are ethylene diamine, 4,4'-
methylenebis(3-chloro-2,6-diethyl aniline) (M-CDEA) and 3,5-diethyl toluene 
2,4-/2,6-diamine (DEDTA). MOCA (4,4'-methylenebis(ortho-chloroaniline» 
was an extensively used diamine chain extender in elastomer synthesis, 
although its toxicity has led to its phasing out. 
The amino chain extenders and cross Iinkers have a significantly increased 
reactivity with the isocyanate group due to the electronegativity of the nitrogen 
making the hydrogen more labile. This effect is most pronounced when 
primary amines are used(38). It is observed for secondary amines, but at a 
much lower level(39). The introduction of sterically hindering groups or 
electron withdrawing substituents reduce the amines reactivity(40-43). This is 
often desirable to allow greater control of reactions to be achieved and more 
uniform products to be produced. 
18 
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1,2-Ethanediamine 
4,4'- Methylenedianiline 
4,4'- Methylenebis(ortho-chloroaniline) 
(MOCA) 
4,4'- Methylenebis(3-chloro-2,6-diethyl aniline) 
(M-CDEA) 
3,5-Diethyltoluene 2,4-/2,6-diamine (DETDA) 
Figure 1. 10, Diamine chain extenders used in the synthesis of polyurethane 
and urethaneurea elastomers, 
19 
Chapter 1 The Chemistry of Polyurethanes 
1.3 Synthesis 
Most reactions to form polyurethane elastomers can be considered to be 'one 
shot' or 'two shot'. The differences between these procedures are described 
below 
1.3.1 One Shot 
In a one shot system the entire polymer formation is carried out 
simultaneously by combining the polyol, diisocyanate and chain extender in a 
reaction vessel. The difficulty often encountered with one-shot systems is 
balancing the reaction rates of the polyol and chain extender. Careful 
catalysis is required to produce consistent uniform polymer products. This 
problem is exacerbated in urea systems where a diamine is used. In this 
situation either the diamine-diisocyanate reaction is inhibited, to reduce 
reaction speed, or the hydroxyl-diisocyanate reaction is catalysed. Results 
published in the early sixties(44) suggest that in well controlled systems one 
shot reaction schemes can yield products similar to those obtained via a two 
shot process. The one shot reaction process is represented schematically in 
figure 1.11. 
20 
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HO-R-OH + OCN-R'-NCO + HO-X--OH 
Polyol Diisocyanate Chain Extender 
J 
Mixed 
j 
Polyurethane 
Figure 1.11. The one shot method for the synthesis of polyurethane 
elastomers. 
1.3.2 Two Shot 
As the name implies, the two shot reaction scheme proceeds via two separate 
reaction processes to yield the final polyurethane product. The first stage is 
the formation of the pre-polymer. This involves the reaction of the 
diisocyanate, in slight excess, with the polyol to give an isocyanate end-
capped pre-polymer. This pre-polymer is then reacted with either a low 
molecular weight diol, to produce a polyurethane, or diamine, producing a 
polyurea. An idealised version of this reaction scheme is represented in 
figure 1.12. In practice, the model pre-polymer shown is not produced. A 
mixture of pre-polymers of varying molecular weights, dependent on the 
number of polyol units linked, results unless the diisocyanate is present in a 
very large excess. 
Industrially, a process is sometimes employed where part of the polyol is 
reacted with the diisocyanate to form a quasi pre-polymer cotaining a large 
excess of diisocyanate. This quasi pre-polymer is then reacted with the 
remaining polyol and the chain extender to form the polyurethane. 
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OCN---R-NCO 
Diisocyanate 
o H 
11 I 
OCN -R-N-C--o-R'-O-C-N-R-NCO 
I 11 
H 0 
Prepolymer 
! HO-OH Diol Chain Extender 
Polyurethane 
Figure 1.12. The two shot method for the synthesis of polyurethane 
elastomers. 
1.3.3 Reaction Injection Moulding (RIM) 
As previously mentioned, the development of RIM changed the attitude of the 
commercial sector to polyurethanes. The reduced processing time cut the 
cost of polyurethane elastomers to competitive levels and allowed these 
materials to be applied in areas where previously their cost had been 
prohibitive. The reaction which occurs in the head of the RIM machine could 
be described as pseudo one shot or two shot, depending on how parts A and 
S, which are mixed, are formulated. 
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The RIM process involves two or more streams of materials being rapidly 
mixed in a chamber normally by high speed impingement. The various 
components start to react immediately and the mixture is then injected into a 
closed mould. In the mould, the reactive liquid mixture gels and then solidifies 
as the reaction proceeds to completion. The reactants are catalysed enabling 
the high cycling times which helped reduce the costs associated with 
polyurethane elastomers 
23 
Chapter 2 
Structure-Property Relationships in 
Polyurethanes 
Chapter 2 Structure-Property Relationships in Polyurethanes 
2.1 Introduction 
As discussed in chapter 1, the wide and diverse range of chemical 
components that can be reacted to produce polyurethanes enables materials 
with an exceptional range of properties to be synthesised_ Extensive research 
into the relationships between polyurethane chemical structure and physical 
properties has taken place since the 1960s. A brief review of the relevant 
literature is presented in this chapter. Some of the general factors which must 
be considered when interpreting structure-property relationships in all classes 
of polymer are briefly discussed, as are unsegmented polyurethanes, before 
issues specific to those materials most relevant to this work, segmented linear 
polyurethanes, are addressed. 
2.2 General Considerations 
The general structure property relationships which apply to all polymers may 
be applied to urethane elastomers. A brief outline of some of these factors is 
given below(45-47). 
The mechanical properties of polymers generally show changes with 
molecular weight up to a limiting value at which point no further change is 
seen as molecular weight increases(1B). Melting point, elongation, elasticity 
and glass transition temperatures also demonstrate a similar relationship 
whereas solubility and often brittleness decrease as molecular weight 
approaches a limiting value(1B)_ 
Intermolecular forces are the result of interactions such as hydrogen bonding, 
dipole moments, polarisability and van der Waals attractions(4B-64). These 
secondary interactions link and orientate polymer chains in combination with 
the primary chemical bonds. However, they are much weaker than the 
primary bonds, and, therefore, factors such as temperature and stress have a 
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more profound affect. These forces are relatively short range and their 
effectiveness is reduced by any factors which reduce the ability of the 
mutually attractive groups to interact. These factors include the repulsion of 
like charges, steric effects and structural properties such as isomerism or a 
lack of structural regularity or symmetry. Cross-linking of even a moderate 
degree also reduces the effectiveness of these interactions since the ability of 
the polymer chains to orientate effectively with one another is reduced. 
Where strong intermolecular forces are present along with favourable 
geometric properties crystallisation may occur in linear polymers. The 
presence of secondary interactions can result in superior mechanical 
properties, higher T g and relatively low swelling by solvents. 
Other factors to be considered include the stiffness of chain units and their 
ease of rotation. Chain units with poor flexibility such as aromatic rings favour 
high strength, hardness, melting point and Tg(18). Groups with an unusual 
ease of rotation such as the ether group impart softness, flexibility, low 
melting point and low Tg(18). Tg is also effected by other properties including 
chemical cross-linking. As the degree of cross-linking in a polymer increases 
the T g will also increase(18). The effect of the degree of cross linking due to 
primary interactions is not discussed in detail here as all of the materials 
considered in this work are synthesised from di-functionallinear components. 
2.3 Unsegmented Polyurethanes 
The literature considers these compounds in two broad classes. 
Unsegmented polyurethanes synthesised from low molecular weight 
diisocyanates and diols, for example 1 ,6-hexane diol and 1 ,4-butanediol, and 
those produced from high molecular weight hydroxyl functionalised polyethers 
or polyesters with stoichiometric quantities of diisocyanates. 
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Those materials produced via the reaction of low molecular weight 
symmetrical diisocyanates and chain extenders(ll) are strong and tough_ 
These properties are due to the high degree of crystallinity that is present 
This results from the highly regular structures of both components allowing 
very efficient hydrogen bonding to occur_ Due to the low molecular weight of 
the components the distance between the hydrogen bonds is very small and 
as a factor of molecular mass, a great many are present Amorphous 
compounds with much lower strength and toughness are formed if 
components that cannot hydrogen bond well are reacted_ For example, TDI 
and ethylene glycol would give a relatively soft material since hydrogen 
bonding cannot occur as efficiently(18)_ 
Polyurethanes synthesised from high molecular weight hydroxyl 
functionalised polyethers or polyesters with stoichiometric quantities of 
diisocyanates are soft relatively weak elastomeric materials(19)_ These 
properties are a result of the large distances between hydrogen bonds_ The 
flexibility of the polyol means that the majority of the urethane groups present 
will hydrogen bond, but there are a low number of urethane groups present 
relative to the molecular mass. This means that the Van der Waals forces 
between the polyols and not hydrogen bonding are the dominant 
intermolecular interactions. 
2.4 Segmented Polyurethanes 
Polyurethanes are selected for many applications because of their ease of 
production, low cost and versatility. This versatility is due to the wide range of 
suitable reactants available. The research chemist can deSign a material 
which may be elastic or rigid, hard or soft, clear or opaque simply by selection 
of appropriate chemical constituents. Although this sounds simple, some of 
the factors which must be considered are easier to predict the effects of than 
others. The impact of changes in properties such as molecular weight, 
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functionality and the chemistry of the polymer backbone are relatively simple 
to predict. However, in selecting constituents for polyurethanes the possibility 
of hydrogen bonding, phase separation, orientation of bonding groups and 
incompatibility of reactants must also be taken into account. All of these 
factors will have an influence on the final properties of the polymer. The 
situation is further complicated as many of these factors are mutually 
dependent. 
In urethane elastomers, the macroglycol will be above its glass T g at room 
temperature and is considered to form the soft segment of the polymer chain. 
The diisocyanate and the chain extender, which are chemically linked, are 
thought of as the hard segment of the macromolecule, typically with a T g of 
between 90 and 130°C. Each polyurethane macromolecule consists of 
alternating segments of these soft and hard segments. It is this structure 
which leads to polyurethanes being described as multi block copolymers. The 
idealised structure of a segmented polyurethane block copolymer is shown in 
figure 2.1. 
D 
-
Hard 
Segment 
Diisocyanate 
Chain Extender 
PolyoI 
Soft 
Segment 
Figure 2. 1. Idealised segmented polyurethane chain. 
The hard and soft segments often contain very different constituents. The 
hard segment usually contains polar groups, such as the urethane or urea 
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linkages, in very high concentrations. The interactions between these polar 
groups play a major role in determining the properties of the elastomer 
produced(48). The cohesive energies of some groups commonly encountered 
in urethane chemistry are shown in figure 2.2(12). 
Chemical Group Cohesive Energy 
I kJmor1 
Methylene - CH2- 2.8 
Ether -0- 4.2 
Carbonyl -CO- 11.1 
Ester -COO- 12.1 
Phenyl -CSH4- 16.3 
Amide -CONH- 35.5 
Urethane -OCONH- 36.5 
Urea -NHCONH- 50-100 
Figure 2.2. Cohesive energies of chemical groups common in urethane 
chemistry. 
The high values assigned to the urethane and urea linkages are a factor of 
the hydrogen bonds and dipole-dipole interactions which are possible (see 
figure 2.3.). This system of hydrogen bonding or 'virtual cross-linking' was 
first proposed by Schollenberger et al. (68) to explain the origin of the high 
tensile strength of polyurethanes. Cooper and Tobolsky(50), who compared 
the viscoelastic properties of polyurethanes with those of other polymers, also 
pursued this investigative path. The polyurethane materials exhibited 
anomalous results that could not be accounted for by either chemical cross-
linking or crystallinity. 
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The anomalous results and the similarity of the properties of polyurethanes 
with known block copolymers led Cooper and Tobolsky(50) to conclude that 
two phases were present in polyurethanes_ This conclusion was further 
backed by the discovery of two glass transition temperatures(68)_ 
t Hydrogen Bonding t 
Figure 2_3. Hydrogen bonding in segmented polyurethane elastomers. 
It is now thought that the high concentration of polar groups in the hard 
segments and the hydrogen bonding and dipole-dipole interactions that occur 
between them may result in thermodynamic incompatibility between the hard 
and soft segments. This incompatibility will then lead to the hard segments 
forming aggregated microdomains(64-102) and the formation of a two-domain 
morphology(103). In these phase separated materials, hard segment domains 
are physically crosslinked and act as reinforcing filler particles. This is 
represented in two dimensions in figure 2.4. The hard segments are 
represented by the dark rods. These hard segments have tended to form 
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phase separated domains separate from the more flexible soft segments_ 
The structure shown in figure 2-4 becomes more ordered as the material is 
elongated_ 
Since the initial work in this area was carried out in the 1960s, many research 
groups have investigated the formation of these domains_ The presence of 
these micro-domains and their nature has been invetsigated using a wide 
selection of analytical techniques (104-127.75)_ 
I -Relaxed structure 
(without stress) 11 - Structure with 200% elongation 
III - Structure with 500% 
elongatiori 
.. 
a) Soft segment, b) hard segment, c) reorientation after stress 
Figure 2.4. Phase separation in polyurethane elastomers(219). 
The behaviour of phase separated polyurethane materials initially seemed 
anomalous to researchers in the 1960s. Neither cross linking nor crystallinity 
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could account for the high modulus values that these materials show above 
their normal Tg_ It was not until Cooper and Tobolsky(50) proposed that these 
systems be considered as block copolymers, with each block having its own 
Tg, that progress in understanding the dual phase nature of these materials 
was made. As our knowledge of these systems has increased, we have been 
able to manipulate the properties of the final polymer by carefully tailoring the 
constituent elements. Hard segments greatly influence properties such as 
modulus, hardness and tear strength. High temperature performance is 
dictated by the ability of the hard segment to remain associated. The choice of 
flexible block or soft segment allows the elastic nature of the final material 
and its low temperature performance to be controlled whilst still influencing 
modulus, hardness and tear strength. 
The properties of the polyurethane elastomer that is syntheSised will be 
dependent on the degree of phase separation and how well ordered the 
crystalline domain formed is. These factors are affected by the relative 
compatibility of the hard and soft segments, the size and geometry of the 
components, method of production and thermal history. 
2.5 The Influence of Hard Segment Structure 
The structure, size and chemical composition of the hard segment in urethane 
elastomers is the most significant factor in determining the degree of phase 
separation. In systems where the chemical composition of the polyurethane 
is constant, it has been found that hard segment size and molecular weight 
distribution are the most important variables in determining elastomer 
properties. 
The research groups of both Wilkes and Cooper(137, 138. 171, 233) have both 
reported results that demonstrate the influence of hard segment molecular 
weight distribution on the properties of polyurethane elastomers. Both groups 
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observed that as the molecular weight distribution on the hard segment 
narrowed the level of phase separation increased due to the increasing 
regularity of the hard segment structure. This increase in hard segment 
structure regularity facilitated more effective inter-hard segment interactions 
and therefore increases the driving force for phase separation to occur(234). 
Several research groups have investigated the effect on morphology and 
properties of varying hard segment content for polyurethanes containing hard 
segments derived from aliphatic and aromatic isocyanates such as 4,4'-
diphenylmethane diisocyanate (MDI), 4,4'-dicyclohexylmethane diisocyanate 
(H12MDI) , 2,4-toluene diisocyanate (2,4-TDI) reacted with 1,4-butanediol(12B-
131). The hard segments formed by the reaction of MDI and chain-extenders 
such as diethyltoluene diamine (DETDA), diethyleneglycol and 1,3-
propanediamine have also been investigated(132). Several different soft 
segments were employed in these studies. These included poly(propylene 
oxide) glycol, poly(ethylene-co-propylene oxide) glycol, 
poly(tetramethethylene oxide) glycol, poly(butylene adipate) and 
polycaprolactones. Differential scanning calorimetry (DSC), dynamic 
mechanical thermal analysis (DMTA), small angle X-ray scattering (SAXS), 
and tensile testing analyses were used to characterise the materials 
described above. It was found that an increase in hard segment content in 
the range 20-80% by total weight resulted in increased quantities of hard 
segment domain formation. It was also reported that as the average hard 
segment content increased the crystalline perfection of these structures also 
increased. These experimental observations were attributed to the existence 
of increased inter-hard segment interaction and cohesion possibly due to 
inter-urethane hydrogen bonding. The results of Ng et al. (133) demonstrated 
that a material with no capability for inter-hard segment hydrogen bond 
interactions to occur showed increased levels of phase separation as hard 
segment content increased. However, some studies(132,134) have shown 
unchanged or decreased levels of phase separation as the hard segment 
content increases. 
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A consistent effect of hard segment molecular weight distribution on the 
properties of polyurethane elastomers has been observed(135,136). The general 
observation was that a narrower molecular weight distribution resulted in more 
advanced levels of phase separation. This was attributed to the fact that more 
regular hard segment structures resulted in more effective inter-hard segment 
interactions and, therefore, increased degrees of phase separation. 
An increase in hard segment size for a constant soft segment molecular 
weight results in an increased hard segment content. Cooper et al. (137, 138) 
showed that this change yielded materials with increased levels of phase 
separation and interconnected hard segment domains. 
2.5.1 The Influence of Diisocyanate Structure 
The chemical structure of the diisocyanate component utilised in the synthesis 
of the polyurethane elastomer can exert significant influence on the properties 
of the final material. 
Work carried out by Schollenberger et al.(204,217) in the late nineteen seventies 
illustrates the significant effect of diisocyanate structure on final elastomer 
properties. Schollenberger(204, 217) produced a series of materials using a 
range of diisocyanates, poly(tetramethylene adipate) glycol as the soft 
segment and 1 ,4-bis(~-hydroxyethoxy) benzene as the chain extender. The 
diisocyanates used were p-PDI, m-PDI, MDI and 2,4-TDI. 
The tensile results of the materials outlined above showed clear 
characteristics that could be ascribed to the structures of the diisocyanates. 
The results illustrated the significance of structure by comparing the compact, 
rigid symmetrical p-PDI structure, the more flexible MDI, the asymmetric m-
PDI and inflexible asymmetric 2,4-TDI. 
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Wang and Kenney(139) and Van Bogart et aL (140) both executed studies 
comparing MOl and the equivalent aliphatic diisocyanate, H12MOL They 
established that the elastomers synthesised using the aromatic MOl exhibited 
increased levels of phase separation and thermal stability when compared to 
those produced with H12MOL Wang and Kenney(139) ascribed these 
differences to inter hard segment interactions between the de localised 1t-
electrons of the aromatic rings and the differences in rigidity between the 
structures_ Van Bogart et aL (140) ascribed the reduced levels of phase 
separation to the presence of eis-eis, eis-trans, and trans-trans configurational 
isomers of H12MOI reducing structural regularity and thus inhibiting hard 
segment crystallisation. 
Several research teams(141-143) have demonstrated the importance of 
structural regularity and symmetry by comparing materials produced with MOl, 
2,4- and 2,6-TOL Comparison of the materials produced with MOl and 2,4-
TOI showed that increased phase separation and more thermally stable 
segment domain morphologies were observed in the MOl materials due to its 
greater symmetry. The same factors were considered significant driving 
forces in the study conducted by Schneider et aL (144) comparing materials 
synthesised using 2,4- and 2,6-TOL The structural regularity of 2,6-TOI 
resulted in greater phase separation when compared to 2,4-TOL 
A study was conducted by Brunette, Hsu and MacKnight(145) employing DSC 
studies to investigate model MOI/1,4-butanediol compounds and the 
equivalent compounds produced with 2,4- and 2,6-TOL They found that the 
MOl compounds were more capable of forming crystalline hard segment 
aggregates than either TOI compound. FTIR spectroscopy revealed that inter-
urethane hydrogen bonds of increased strength existed for the MOl-containing 
compounds. As with the other studies referred to above, these observations 
were explained as a consequence of an increased ability of the MOl to pack in 
regular arrangements. Of the TOI compounds, those produced with 2,6-TOI 
were found to possess more regular crystalline structures with higher melting 
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temperatures and larger melting enthalpies, and also stronger hydrogen 
bonds. These differences between the two TDI materials were attributed to 
increased symmetry allowing more effective packing. 
alley et al.(251) synthesised two series of materials one incorporating MDI and 
a second incorporating 4,4'-dibenzyl diisocyanate (DBDI). They found that 
the materials synthesised with the DBDI exhibited significant improvement in 
mechanical properties when compared with their MOl analogues. It was also 
found that an improvement in mechanical properties is seen when DBDI is 
employed in a SO/50 ratio with MOL These improvements in mechanical 
properties were attributed to the increased crystallinity in the DBDI materials 
due to this diisocyanate's variable molecular geometry. 
2.5.2 The Influence of Chain Extender Structure 
The chain extender can have a significant influence on the degree of phase 
separation and properties of a segmented polyurethane elastomer. As shown 
in figures 2.1 and 2.3, the chain extender component reacts with the 
isocyanate groups and links them together. The final orientation of the key 
groups that take part in hydrogen bonding, and how effectively they can 
interact, is, therefore, dictated by the structure of the chain extender. Two 
classes of chain extender are generally used, diols and diamines. Diamine 
chain extenders react with diisocyanates to produce polyurethane ureas, but 
are included here as the results are relevant when considering structure-
property relationships in polyurethanes. 
2.5.2.1 Diol Chain Extenders 
Many research groups have studied the influence of diol chain extenders and 
glycols in general on structure-property relationships in polyurethanes. As a 
general rule, the use of rigid bulky diols results in hard elastomers with high 
moduli. Superior physical properties are seen in those polyurethane 
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elastomers where the hard block is formulated from short chain oligomers of 
polymers with high melting points. Thus the selection of symmetrical, rigid, 
bulky molecules as chain extenders is desirable whilst disorder, molecular 
flexibility and asymmetry will result in deterioration in physical properties. 
This deterioration is probably due to the weakening of inter-chain forces 
between the hard blocks in the polymer chain. 
Those chain extenders which are routinely used in academic studies of 
structure-property relationships or are used industrially can be considered to 
be either linear aliphatic, non-linear aliphatic, aromatic or unsaturated. 
Studies have been carried out on chain extenders that would fall outside of 
these groupings, but they are the most commonly encountered. 
Many research groups have conducted both practical and theoretical studies 
examining the properties of polyurethanes chain extended with linear aliphatic 
a,co-diols. Physical and mechanical characterisation and modelling of 
polyurethane systems using different polyols and diisocyanates have shown 
that the highest levels of phase separation and most ordered domains are 
found when the number of carbon atoms in the diol is even(146-154). This is a 
consequence of the difference in conformations adopted by odd and even 
numbered linear aliphatic diols. In even numbered molecules, a fully 
extended all-trans, planar zigzag, conformation is adopted allowing hydrogen 
bonding in opposite directions perpendicular to the main chain axis. This is a 
low energy conformation and the ability of the even numbered diols to 
crystallise in this minimum energy conformation with very effective inter-hard 
segment interaction creates a significant driving force for phase separation. 
This effect has also been observed in polyurethaneureas with materials 
synthesised with linear aliphatic diamines as chain extenders(155). For a 
similarly effective interaction to occur with a linear aliphatic diol or diamine 
containing an odd number of carbon atoms an energetically unfavourable 
contracted conformation containing gauche bonds must be adopted. As this 
contracted conformation is unfavourable, and, therefore, less likely to occur, 
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materials chain extended with linear aliphatic diols or diamines containing odd 
numbers of carbon atoms do not possess such a strong driving force for 
phase separation_ 
An exception to the pattern described above is 1,2-ethanedioL Although 1,2-
ethanediol contains an even number of carbon atoms its small size means 
that the hard segment containing it cannot adopt the planar zigzag 
conformation. The chains have to take the contracted conformation usually 
seen with odd numbered linear aliphatic diols(234). 
Of the linear aliphatic a,ro-diols with an even number of carbon atoms the 
materials produced with 1 ,4_butanediol(156.157) have the most phase separated 
domain morphologies and highest levels of mechanical properties. The 
structural regularity and relative rigidity of 1,4-butanediol and the resulting 
ease of formation of hydrogen bonding interactions may be responsible for 
these results. 
The importance of ease of packing, which is aided by structural regularity, 
symmetry and linearity, is demonstrated by considering non-linear aliphatic 
diols and contrasting their properties with linear equivalents. Comparison of 
1,2-propanediol and 1,3-butanediol with linear aliphatic diols containing the 
same number of carbon atoms, via DSC, DMTA and FTIR spectroscopy, 
shows the non-linear chain extended materials to have a reduced level of 
phase separation(141). These observations are attributed to the pendant 
methyl group hindering effective packing, and, therefore, hard segment 
interaction. 
Several groups have investigated the effect of unsaturation in linear diol chain 
extenders on polyurethane elastomer properties. These studies have been 
conducted on elastomers with varied diisocyanates and soft segments 
reacted with 1,4-butanediol, but-2-ene-1,4-diol and but-2-yne-1 ,4_diol(141. 156-
158) 
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When TOI or HOI was reacted with a polybutadiene polyol, 1,4-butanediol 
was found to possess the most phase separated domain morphology and the 
greatest tensile properties(156). However, in the case of a TOI/polyester 
system, mechanical properties increased with increasing chain extender 
unsaturation(157). In a system utilising a commercially available MOI/polyether 
polyol prepolyme~158), 1 ,4-butanediol-containing elastomers demonstrated the 
highest levels of phase separation and mechanical properties, while those 
produced using but-2-yne-1 ,4-diol displayed the lowest. These results appear 
to demonstrate the importance of thermodynamic incompatibility between the 
hard and soft segments as a whole in determining the degree of phase 
separation. 
The properties of polyurethane materials synthesised using chain extenders 
containing aromatic groups have been investigated(159.161) via OMTA and 
. 
tensile testing on materials produced using 1,4-dihydroxybenzene (quinol) 
and 2,2-bis(4'-hydroxyphenyl) propane (bisphenol A). The rigidity of the 
aromatic structures and their ability to participate in cohesive interactions 
resulted in materials with higher strength/hardness and greater thermal 
stability than those chain-extended with aliphatic diols. 
Structural regularity, symmetry and linearity are still significant in this class of 
chain extender. The OMTA and WAXS results from materials synthesised 
using 1,2-, 1,3- and 1,4-dihydroxybenzene were compared. The position of 
the hydroxy groups was found to have a profound effect on the properties 
observed. The most phase-separated material was that produced using the 
more linear 1,4- substituted material(160). 
Other, more novel, chain extender types that have been the subjects of 
academic study are ionisable chain extenders(162.176), chain extenders that 
yield elastomers with liquid crystalline(177.180) properties and fluorinated chain 
extenders(181, 182). The ionisable chain extenders may enhance phase 
separation by increasing the strength of inter-hard segment interactions. The 
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rigidity of the chain extenders with liquid crystalline properties and their high 
incompatibility with soft segments may achieve the same aim. 
2.5.2.2 Diamine Chain Extenders 
The use of diamines as chain extenders in polyurethanes/polyurethane ureas 
has been investigated both academically and industrially. Academically, the 
production of polyurethaneureas allows a further variable to be altered 
facilitating greater insight into the driving forces for phase separation. 
Industrially, polyurethaneureas are of interest due to their superior properties 
when compared to similar polyurethanes. 
The use of primary diamines as chain extenders results in elastomers with an 
increased degree of phase separation. They also have increased thermal 
stability and mechanical properties in comparison to those chain-extended 
with diols of similar chemical structure(183.191). This enhancement of properties 
and increase in phase separation is due to the formation of urea groups rather 
than the urethane groups formed when diol chain extenders are used. The 
urea group facilitates the formation of much stronger inter hard segment 
hydrogen bonding than the urethane group. This stronger interaction 
frequently results in more ordered domain structures and an increase in the 
degree of phase separation in an elastomer. 
The factors that influence the degree of phase separation in elastomers 
produced using diol chain extenders are still influential in materials produced 
with diamines. As with diols, aromatic diamines generally result in elastomers 
with more ordered and crystalline hard segment structures than aliphatic 
diamines. This has been observed using DSC to determine quantitatively 
levels of soft segment crystallinity(192) which infers the degree of hard/soft 
segment phase separation. The results were explained as being due to the 
fact that aromatic structures are less compatible with aliphatic soft segment 
structures. Studies of aromatic diamine chain extenders also showed that 
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para-substitution of the amine functional groups resulted in the highest levels 
of phase separation. The formation of these well phase separated domain 
morphologies was attributed to the symmetry of the resulting hard 
segments(193,194), and, thus, their ability to interact effectively. These results 
were also observed for the diol analogues of the materials studied(193, 194). 
Ahn et al.(195) studied the effect of employing a mixture of diol and diamine 
chain extenders to synthesise elastomers, They fabricated a series of 
materials in which 1,4-butanediol was progressively replaced by 
isophoronediamine. They reported that the materials containing both the 
diamine and diol chain extenders showed reduced levels of phase separation. 
No hard segment crystallinity was observed in DSC results and tensile 
properties fell corroborating this statement. The reduction in the level of 
phase separation was attributed to the decreased likelihood of interaction 
between the different chain extenders. The introduction of this structural 
variance reduces the likelihood of coincidence between the CO and NH 
groups. 
2.6 The Influence of Soft Segment Structure 
Aliphatic polyethers and polyesters are the macroglycols routinely used in the 
industrial production of polyurethane elastomers. These materials typically 
have glass transition temperatures below room temperature and are low 
melting point solids or liquids. These polyols generally have a molecular 
weight of 1000 to 3000. This large molecular weight results in the 
polyurethane elastomer being largely composed of the bound macroglycol. It 
is, therefore, not suprising that the properties of the macroglycol selected 
significantly influence those of the derived polyurethane. 
Factors such as the chemical structure of the soft segment, its average 
molecular weight and molecular weight distribution will be significant in 
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determining the extent of phase separation in the elastomer produced(2). For 
many years, research groups around the world have investigated the 
influence of average polyol molecular weight(196-204) and molecular weight 
distribution on polyurethane elastomer properties. These studies have been 
performed utilising a wide selection of soft and hard segments. 
Harrell(205) in the sixties and Ng et al. (133) in the seventies both investigated the 
influence of molecular weight distribution on the elastomers synthesised with 
poly(tetramethylene oxide). Both found that, as would be intuitively predicted, 
as the molecular weight distribution narrowed, mechanical properties 
improved due to the increase in phase separation. 
Yokoyama et al.(206) combined polyols of two and three specific, controlled, 
molecular weights to produce binary and ternary blends of poly(propylene 
oxide) glycols. They used TOI and 1,4-butanediol as the hard segment and 
analysed these materials mechanically. The tensile results showed increased 
tensile strength when compared with a blend of undefined widely varying 
molecular weights. 
Investigations of the influence of soft segment molecular weight have studied 
many polymer systems. Soft segments ranging in average molecular weight 
from 650-3000 have generally been studied. These include various, 
polyethers, polyesters and polycaprolactones. The hard segments were 
mainly composed of MOl or TOI and various low molecular weight diamines or 
diols. These investigations showed that for any given hard segment size an 
increase in the average soft segment molecular weight resulted in an increase 
in the degree of phase separation as measured by FTIR spectroscopy, X-ray 
and thermal analysiS techniques. These conclusions were proven by FTIR 
spectroscopy results that showed decreasing hard/soft segment hydrogen 
bonding interactions and OSC/OMTA traces which showed reduced soft 
segment glass transition temperatures and increasing hard/soft segment 
crystallinity. 
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The hard and soft segments of the polyurethane chain are significantly more 
likely to phase separate if a polyether soft segment is used rather than a 
polyester. This is a consequence of the stronger NH-ester hydrogen bonds 
providing a driving force for phase mixing greater than the driving force for 
phase separation provided by the relatively weaker urethane NH-ether oxygen 
bonds. 
The work of Yuying et al.(207, 208) comparing materials produced with 
MDI/DETA and poly(propylene oxide) or poly(butylene adipate) as the soft 
segment showed this relationship also holds true for polyurethane ureas. The 
polyester materials produced by Yuying et al. were found to have better 
mechanical properties than their polyether analogues despite a lesser degree 
of phase separation. This reduced level of phase separation in elastomers 
with polyester soft segments, as opposed to polyether soft segments, has 
been demonstrated in studies by several groups employing a wide range of 
analysis techniques(195,209.213). 
Disadvantages of the polyester soft segments are that materials produced 
with them are less hydrolytically stable than their polyether counterparts and 
more prone to cold hardening(2). Polycaprolactone polyesters are frequently 
used commercially as they provide a compromise between the benefits of 
polyethers and polyesters. A final major group of materials that have found 
commercial use are the polybutadienes. The polybutadienes have excellent 
hydrolytic stability but poor mechanical properties. Work is currently being 
undertaken both industrially and academically to improve the mechanical 
properties of this class of polyol. Work with polybutadiene polyols has 
demonstrated how polarity and cohesive energy differences between the hard 
and soft segments influence the degree of phase separation. Camberlin and 
Pascault(214) found that materials produced using hydrogenated polybutadiene 
were more phase separated than polybutadiene. Both polybutadiene and its 
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hydrogenated analogue produced materials with a greater degree of phase 
separation than their poly(tetramethylene oxide) glycol equivalents_ 
Cold hardening(18) is a consequence of the soft segments slowly crystallising 
within the elastomer. It can be overcome by introducing structural 
irregularities into the polymer backbone to prevent polymer crystallisation. 
The penalty of this approach is that as more structural irregularity is added the 
mechanical properties of the elastomer generally decrease. A balance must 
be struck between the ultimate physical properties of the elastomer and what 
degree of cold hardening can be tolerated. Often methyl side groups(215, 216) 
are added to the polymer to prevent crystallisation. As more side groups are 
added the polymer is less likely to harden as it is put under strain and, as 
described above, the tensile properties fall away. This reduction in 
mechanical properties is observed despite some work that suggests that the 
addition of methyl side groups to the polyester chain results in an increased 
degree of phase separation and domain formation(254). It has been proposed 
that the increase in phase separation is due to the increase in free volume in 
the material and the resulting fall in viscosity allowing greater mobility. 
2.7 The Effect of Crosslinking 
Chemical crosslinks may be introduced into the structure of a polyurethane 
elastomer using a number of approaches. The introduction of crosslinks may 
have a profound effect on the elastomer properties and morphology(217). The 
nature and magnitude of this influence depends on a number of factors. 
These include the degree of crosslinking, the position of the crosslinks within 
the polyurethane structure, either within the hard or soft segment, and the 
point in the reaction scheme at which the crosslinks are introduced. The 
crosslink can be introduced into the diisocyanate segment, chain extender 
segment or soft segment. Examples of these effects are given below. 
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If a significant excess of diisocyanate is introduced to a reaction system, 
allophanates and biurets may be formed resulting in crosslinking. A 
systematic study undertaken on MOl and castor oil systems(218) showed that 
an increase in the level of excess MOl up to 20% resulted in a significant 
increase in mechanical properties with only a slight increase in soft segment 
Tg• 
A similar study carried out with TDI or HDI and hydroxy terminated 
polybutadiene showed increases in mechanical properties up to an excess of 
40% diisocyanate(156). Jung et al.(220) performed a study on the effect of 
annealing on materials containing crosslinks in the diisocyanate, MOl, with a 
functionality of 2.9. The materials produced showed no signs of domain 
morphology. The cross linked structure was still influenced by post curing as 
observed via DSC studies where the urethane elastomer T g was increased 
after annealing. 
Lui et al. conducted a study where crosslinks were incorporated in the soft 
segment of the elastomer by replacing the difunctional polyol(221) with co-
poly(propylene oxide-tetramethylene oxide) triol. Materials were prepared 
with various hard segments and analysed via DSC. The researchers 
observed that the presence of the crosslinks did not reduce the mobility of the 
chains to the extent that hard segment crystallisation could not occur. The 
crosslinks increased the ultimate tensile strength of the elastomer as 
expected. Similar results were obtained by other groups who introduced soft 
segment crosslinking by replacing poly(propylene oxide)diol(222) with co-
poly(propylene oxide-ethylene oxide)triol and blended trifunctional castor 
Oil(223) with poly(propylene glycol). 
A common method of introducing crosslinks in elastomers is the addition of 
trimethylolpropane(224.226). Several groups have investigated the effect of 
trimethyolpropane by introducing it in elastomers by progressively replacing 
1,4-butanediol. The trimethylolpropane was introduced in elastomers 
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produced with both polyester and polyether polyols. In both cases, the soft 
segment Tg increased while the ultimate tensile strength and elongation at 
break fell. These results indicated that the increasing level of crosslinking 
reduced mobility and impaired phase separation and crystallisation of the 
hard segments_ 
Nallickeri et al. (227) introduced crosslinks to an elastomer in the solid state by 
irradiating materials produced with diacetylene diols. The diacetylene diols 
crosslink under irradiation and introduce crosslinks into the hard segment, 
whilst leaving the phase separated domain morphology unaltered. 
2.8 The Influence of Thermal History and Synthesis Method 
The kinetics(228. 229), synthesis procedure, cure temperature, post cure thermal 
history and compatibility of reactants(230. 231) of a polyurethane elastomer will 
have a significant effect on the morphology and properties of the final 
product(122). The majority of studies in these areas have used DSC as the 
main method of sample analysis and comparison (232). 
Abouzahr and Wilkes(233) carried out a comparative study of the effect of the 
one-shot and two-shot polymerisation methods using MOl and 1,4-butanediol 
hard segments and polyether or polyester soft segments. Their results 
suggest that the polymerisation procedure for these systems is much more 
influential for the polyester systems than the materials with polyether soft 
segments. 
This effect was attributed to the much higher incompatibility of the polyether 
soft segment to the hard segment dominating the influence of synthesis 
procedure. The polyester materials produced using the one-shot technique 
showed poorer physical properties than those produced using a two-shot 
method. The decrease in physical properties was attributed to a broader 
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molecular weight distribution in the hard segments of the one-shot materials 
resulting in an increase in compatibility between phases_ This decrease in 
physical properties for one-shot materials is seen in many studies including 
the work of Sykes (234)_ 
The study by Sykes(234) included a wide range of e4 a,m-diol chain extenders 
reacted with MDI and PTMG via both one and two shot polymerisation 
methods. These materials were then cured at various temperatures. The 
materials produced via the two-shot reaction procedure and then cured at 
higher temperatures produced superior physical properties. This was 
attributed to the more regular segmental structures produced with the two 
shot reaction scheme and the increased molecular mobility resulting from 
higher cure temperature enabling more ordered domains to form. 
Many research groups, since the 1960s, have investigated the effect of 
thermal history on thermoplastic elastomers. The majority of these studies 
have focused on materials produced with 1,4-butanedioI/MDI hard segments 
employing DSe as the main analysis tool. Many studies have found distinct 
temperature bands in which endothermic activity is observed. These occur at 
approximately 60-BOoe, 120-190oe and over 200oe. These have been 
attributed to variance in the range of ordering of the hard segment domains 
with the lower temperature endotherms indicating short range order(235) and 
the higher temperature endotherms indicating long range ordering(236). These 
bands have also been termed type I, type 11 and type III crystallinity, 
respectively(237-240). 
Blackwell and Lee(241) have attributed the lower temperature endotherms to 
hard segments which are crystallised in extended and contracted 
conformations. They postulate that these structures arise as the structures 
contain all-trans or gauche conformations. The degree of order in these 
domains may be increased by annealing at high temperatures. The low 
temperature endotherms can be moved up in temperature and merge with the 
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higher temperature endotherms if the annealing is performed for sufficient 
time at a high enough temperature_ 
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3.1 Materials 
This section provides information and structures for the raw materials that 
were used to synthesise the polyurethane elastomer materials examined in 
this study. 
3.1.1 Diisocyanates 
4,4'-methylenebis(phenyl isocyanate) (MOl) of 98% purity was used as 
supplied by Aldrich Chemical Company Ltd. 
The chemical structure of MOl is shown below. 
OCN-©--CH2-<'Q)-NCO 
4,4' -methylenebis(phenyl isocyanate) 
Pure 2,4-toluene diisocyanate of 98% purity (see structure below) was used, 
as was an 80%/20% isomeric mixture of 2,4- and 2,6-toluene diisocyanate. 
Both of these materials were used as supplied by Aldrich Chemical Company 
Ltd. 
~ 9 NCO ~~~ oc TQJ'_CO 2,4- and 2,6-Toluene diiso yanate (TDI) 
NCO 
1,6-Hexamethylene diisocyanate (HOI) of 99.5% purity was used as supplied 
by Lyondell Ltd. The structure is shown below. 
1,6-Hexarnethylenediisocyanate (HO n 
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3.1.2 Polyols 
A range of a,co-diol end capped polyol materials were used to produce 
elastomers via synthesis with (MOl) and 1,4-butanediol. Many polyols were 
analysed and rejected as unsuitable for this study due to their high 
functionality or broad molecular weight distribution. The nature of polyol 
production means that all average molecular weights given for polyols will be 
arrived at from a distribution of molecular weights. Those polyols whose 
functionality was greater than 2.04 were eliminated from this investigation. 
All of the polyols were used as received from the supplier. The idealised 
structures of the polyols employed here are shown below. 
Poly(tetramethylene oxide) glycols (PTMG, Terathane ® 250, 650, 1000, 
1400,2000,2900) were supplied by DuPont Chemicals. 
The chemical structure of the PTMG polyols may be represented as follows. 
Where n is dependent on molecular weight. 
Polyester glycols, produced via enzymatic reactions, were supplied by 
Baxenden Ltd. Two were used, both of 2000 average molecular weight. 
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Hydroxypropyl terminated polybutadiene, 2000 average molecular weight, 
was supplied by Kaucuk Ltd. 
OH 
I 
OH -C,-CH 2-tCH 2-CH =CH-CH d'PH2-iH 
CH 3 CH 3 
Hydroxy terminated polybutadiene 
Polycaprolactones produced with a diethylene glycol initiator were supplied by 
Solvay Ltd. Two grades of average molecular weight 1250 (capa 217) and 
2000 (capa 226) were used in this study. 
Polycaprolactone formed from diethylene glycol initiator 
Poly(dimer acid-eo-ethylene glycol), hydrogenated of 1000 average molecular 
weight was supplied by Aldrich Chemical Company Ltd. 
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Poly(dimer aCid-eo-ethylene glycol), hydrogenated 
Poly(dimer acid-co-1,6-hexanediol-co-adipic acid), hydrogenated of 2000 
average molecular weight, was supplied by Aldrich Chemical Company Ltd. 
o 0 0 
11 11 11 
-O-CH,CH,OC-(CH,J •• ---C-OCH,CH,O-C-(CH,h 
I 
r 
o 
:I: 
'0 
:I: 
'0 r=o 
~ 
0=0 
I 
o 
o 
~ 
ob 
I 
0=0 
I 
<> ~ (CH,hCH, 
Poly(dimer acid-co-1,6-hexanediol-co-adipic acid), hydrogenated 
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Poly(2-methyl-1,3-propylene glutarate) of 1000 and 2000 average molecular 
weight was supplied by Aldrich Chemical Company Ltd. 
Poly(2-methyl-1 ,3-propylene glutarate) 
Poly (1,2-butylene) diol of 2000 average molecular weight was supplied by 
Aldrich Chemical Company Ltd. 
CH3 I 
CH2 
H-t-o-b-CH21nOH I 
H 
Poly(1 ,2-butylene) diol 
Poly(1,4-butylene adipate) hydroxyl terminated was used as supplied by 
Aldrich Chemical Company Ltd. 
Poly(1 ,4-butylene adipate) hydroxyl terminated 
Poly(polytetrahydrofuran carbonate) diol supplied by Aldrich Chemical 
Company Ltd. 
H~O-(CH2k~.p-C+O-(CH2)4)y]zOH 
11 
o 
Poly(polytetrahydrofuran carbonate) diol 
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Poly(1,4-butylene)glutarate of 1000 average molecular weight was supplied 
Poly(1 ,4-butylene glutarate) hydroxy terminated 
3.1.3 Chain Extenders 
The chain extender used for the majority of the practical work of this study 
was 1,4-butanediol. This material was supplied by Aldrich Chemical 
Company Ltd., and was used as received. The structure of 1,4-butanediol is 
shown below. 
1 ,4-Butanediol 
The other chain extenders employed in the materials synthesis for this study 
were a range of Cn a,ro-diol chain extender compounds, where n = 3,5,6,7,8,9 
and 10. The general structure for these materials is shown below. 
Where n = 3,5,6,7,8,9 and 10. 
3.2 Characterisation of Starting Materials 
The starting materials employed in the synthesis of the elastomers studied 
here were subjected to the techniques outlined below in order to verify the 
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accuracy of manufacturers' technical data. Any materials which did not yield 
satisfactory results were eliminated from the study. 
3.2.1 Determination of Hydroxyl Number and Equivalent Weight of the 
Polyols 
The hydroxyl numbers of the polyols used in this study were determined by 
reacting the polyol with a known excess of phthalic anhydride in pyridine. The 
hydroxl group is esterified and the excess reagent titrated with standard 
sodium hydroxide solution. 
Approximately 10g of polyol was accurately weighed on an analytical balance 
and placed in a 250ml round bottomed flask. 25ml of phthalating reagent was 
pipetted into the flask (phthalating reagent: 42.0g of phthalic anhydride 
dissolved in 300ml of anhydrous « 0.01% water) pyridine which was then 
sealed and allowed to stand for twelve hours. A condenser was attached to 
the flask which was then placed on a heating mantle at 115°C and refluxed for 
one hour. After refluxing the heating mantle was turned off and the flask 
allowed to cool to room temperature. 15ml of anhydrous pyridine was then 
added to each flask rinsing down the condenser. The solution was then 
titrated against standardised 0.5061 N sodium hydroxide, using 
phenolphthalein as an indicator, to a faint pink end-point that lasted for a 
minimum of fifteen seconds. 
The procedure outlined above was repeated in triplicate for each polyol. For 
each set of titrations a blank was run, omitting the polyol, giving a volume no 
more than 25% greater than that for the samples. 
The hydroxyl number of the polyol was calculated from the following equation. 
OH number = 40.0 x M (NaOH soln.) x (ml blank - ml sample) I sample 
weight 
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Where M is the molarity and 40.0 gmor1 is the molar mass of NaOH. 
The equivalent weight of the polyol is the mass which contains one mole of 
functional groups. Equivalent weight is related to hydroxyl number by the 
following relationship. 
Equivalent weight = 40000 I OH number 
3.2.2 Nuclear Magnetic Resonance Spectroscopy 
The polyol materials were characterised and, where possible, average 
molecular weights calculated via consideration of integral ratios. Thirty two 
scans per sample were collected using a Bruker Avance DPX spectrometer 
operated at a frequency of 400.13MHz. Samples were dissolved in 
deuterated chloroform, or THF, as appropriate. 
3.2.2 Fourier-transform Infrared Spectroscopy 
The starting materials were characterised by Fourier-transform infrared 
spectroscopy (FTIR) using a Perkin Elmer system 2000 FTIR spectrometer. 
Fifty scans per sample were performed over the range 600-4000cm·1• 
Compounds which were liquids at room temperature were analysed between 
NaCI discs. Solids were analysed in the diffuse reflectance (DRIFT) mode. 
3.2.2 Gel Permeation Chromatography 
The polyols used in this study were characterised by gel permeation 
chromatography (GPC)(247). The samples were prepared by the addition of 
10ml of tetrahydrofuran to 20mg of sample and a small amount of 1,2-
dichlorobenzene, added as an internal marker. The solutions were mixed 
thoroughly and filtered through a 0.2 micron polyamide membrane prior to the 
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chromatography. Solid samples were left for a minimum of four hours to allow 
full dissolution prior to filtration. 
Chromatographic Conditions 
Columns: 
Solvent: 
Flow-rate: 
Temperature: 
, 
Detector: 
Plgel 2x mixed bed-D, 30cm, 5 microns 
tetrahydrofuran (with antioxidant) 
1.0 ml/min (nominal) 
30DC 
refractive index 
The GPC system used for this work was calibrated with polystyrene 
standards. The data were acquired and processed using Viscotek Trisec 3.0 
software. 
3.2.5 Differential Scanning Calorimetry 
Melting points and, when possible, T g of the polyol materials were determined 
by differential scanning calorimetry (DSC). Samples of approximately 10mg 
were characterised on a TA Instruments 2920 DSC using a ramp rate of 5DC 
min-1• The sample chamber was purged with argon at a flow rate of 
approximately 15 ml min-1. More detailed descriptions of DSC and M-TDSC 
are given in sections 3.4.2 and 3.4.3, respectively. 
3.3 Synthesis Procedure 
All of the polyurethane materials produced in this study were prepared using a 
two step synthesis procedure. Prior to the production of a pre-polymer in the 
first step of the reaction all polyols and those chain extenders with a melting 
point below BODC were dried and de-gassed under a reduced pressure of 
<1 kPa at BODC for a minimum of four hours. The MDI and 2,4- isomer of TDI 
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were both melted and filtered to remove any solid impurities. All of the 
isocyanates were de gassed under a reduced pressure of <1 kPa for two hours 
prior to use. 
The concept of equivalent weights, a simple relationship between the atomic 
weight of a molecule and the number of functional groups present, was used 
to determine the masses of reagents used in the syntheses. One equivalent 
weight is the mass of reagent containing one mole of functional groups; 
Equivalent Weight = Molar mass of reagent I Number of reactive groups 
or functionality 
All of the materials produced here were reacted in a molar ratio of 2.1 : 1 : 1 of 
isocyanate : chain extender: polyol. The equivalent weights were usually 
reduced by a scaling factor to ease handling. An example of a typical 
formulation is shown below. 
Reagent Equivalent Weight Molar Ratio (8) Mass Required / 
(A) g 
/g (A x 8/6) 
MOl 125 2.1 43.8 
PTMG 490.8 1 81.7 
1 ,4-8utanediol 45.1 1 7.5 
Table 3.1. Example quantities of reagents used in a typical formulation. 
3.3.1 Polymer production 
The pre·polymer was formed via the reaction of 2.1 molar equivalents of 
isocyanate, represented here as MOl, (giving a 5% excess to account for the 
possibility of additional reactions) and 1 molar equivalent of polyol in a 1 litre 
capacity steel canister. This mixture was stirred and placed in an oven at 
80±2°C under vacuum «1 kPa) for approximately 1.5 hours. The 1.5 hour 
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reaction time has been established from previous work(234) to be sufficient 
time for the reaction to proceed to completion. 
Stage 1 Prepolymer Synthesis 
2 OCN~CH2~NCO 
(MD!) 
Prepolymer 
This idealised prepolymer structure may be represented schematically by the 
following. 
OCN~~MMMMNWWW~MMNNCO 
In fact, the pre-polymer formed will be a statistical distribution of isocyanate 
functional species including high molecular mass oligomers where the 
isocyanate reacts with two polyol molecules. Significant volumes of residual 
isocyanate monomer will also remain on completion of the pre-polymer 
reaction. The pre-polymer mixture may be more accurately represented 
scherl'!atically by the following diagram. The diisocyanate is represented by 
the symbol I. 
Once the pre-polymer was fully reacted, 1 molar equivalent of chain extender 
was added to 1 molar equivalent of pre-polymer in the steel canister. The 
reaction mixture was then stirred under vacuum «100Pa) using a planetary 
mixer at a speed of approximately 1 00 rpm for about 5 minutes. The reaction 
mixture was then cast into an open mould of approximate dimensions 150mm 
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x 150mm which had previously been treated with Ambersil Formula Ten/2 
mould release agent. The resulting sheet was then cured at BO±2°C for 4B±1 
hours. 
Statistical pre-polymer reaction product mixture. 
Stage 2 Chain Extension: 
n OCN~MN~MN~MN~MNWWNCO 
Prepolymer 
+ 
n HQ-R-OH 
Chain Extender 
o 0 
11 " ~~~~MN~~~MN~~~~N-C-o--R-o--C-N 
I I 
H H 
n 
Polyurethane elastomer 
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3.4 Characterisation of Polyurethanes 
The sheets of polyurethane elastomer were cured at 80±2°C for 48±1 hours 
and conditioned at room temperature for a minimum of 7 days before any 
characterisation was performed. No analysis was carried out on any of the 
outer surfaces of the samples to avoid any skin effects influencing results. 
3.4.1 Tensile Testing 
Tensile testing was performed on an Instron model 1185 fitted with a 10kN 
load cell and pneumatic grips. The grips ensured a constant force was 
maintained on test pieces when elongation and necking occurred. A J. J. 
Lloyd Instruments Ltd. optical extensometer was used to measure elongation 
of samples. 
Tensile testing was performed in accordance with SS 903, part A2, for the 
determination of tensile stress-strain properties of rubbers. Dumb-bell shaped 
test pieces were used with overall dimensions of 75mm x 12.5mm and a 
thickness of 2±0.2mm. A strain rate of 500mm min-1 was employed at a 
temperature of 23±2°C. 
Values of elongation at break, ultimate tensile strength and 100%, 200% and 
300% moduli were calculated from initial sample dimensions. All results were 
averages of 5 or more tests. 
3.4.2 Differential Scanning Calorimetry 
Differential scanning calorimetry (DSC) subjects a sample and a thermally 
inert reference material to a controlled temperature programme(242). The 
difference in energy input between the sample and reference is then 
measured. The technique employed in this study is more specifically referred 
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to as heat flux DSC. This technique uses thermocouples to measure the 
difference in temperature between the sample and reference as they are 
subjected to the temperature programme. 
Differential scanning calorimetry was performed using a TA instruments 2920 
Modulated DSC fitted with a dual sample cell. Samples weighed 8-15mg and 
were examined over the temperature range -100 to 200°C at a ramp rate of 
1Q°Cmin·'. Samples were crimped in aluminium pans and placed in the 
sample chamber which was purged with argon at a flow rate of approximately 
15ml min·'. The sample cell was cooled to sub-ambient temperatures using 
liquid nitrogen. 
3.4.3 Modulated Differential Scanning Calorimetry 
Modulated-temperature differential scanning calorimetry (M-TDSC) was 
performed with a TA Instruments 2920 modulated DSC. Samples weighing 8-
10mg were examined over the temperature range -100 to 200°C using a ramp 
rate of 3°C/min·'. A sinusoidal modulation of ±1°C with a period of 60 
seconds was applied to the 3°C/min·' ramp rate. 
A summary of the principles of M-TDSC is presented below(243). 
The M-TDSC technique is a development of 'conventional' DSC. In M-TDSC, 
the conventional linear temperature programme is modulated by some form of 
perturbation. In the case of the M-TDSC method employed in this study, the 
modulation was a sinusoidal oscillation. The temperature programme in M-
TDSC, therefore, consists of an underlying linear temperature profile, the 
overall heating rate, with a sinusoidal variation superimposed upon it. 
The reason for the imposition of such a temperature programme can be 
explained by considering the contributions to the total heat flow response of a 
differential scanning calorimeter. This may be considered to consist of two 
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components, one of which is dependent on the rate of change of temperature 
and one which is dependent on the absolute value of temperature. The 
former depends on the heat capacity of the sample, while the latter depends 
on the rate of a kinetically driven process. This can be expressed as follows. 
dQldt= Cp dT/dt + i{t,7) 
where dQ/df is the heat flow into the sample, Gp is the thermodynamic heat 
capacity (due to molecular motions), T is the absolute temperature, f is time 
and f(f,7) is some function of time and temperature. 
The modulated temperature programme can be expressed as follows. 
T= To+ bt+ Bsin(rot) 
where T, is the starting temperature, ro is the frequency, b is the heating rate 
and B is the amplitude of the heating rate. 
If it is assumed that the temperature modulation is small, and that over this 
interval the response of the rate of the kinetic processes to temperature can 
be approximated as linear the expression for the heat flow response can be. 
written as follows. 
dQldt = Cp [b + Brocos(rot)] + f{t,7) + Csin(rot) 
where f{f,7) is the average underlying kinetic function (minus the effect of the 
sine wave modulation), G is the amplitude of the kinetic response to the sine 
wave modulation and [b + Brocos(roQ] is equal to dT/dt (the overall heating 
rate). 
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Therefore, in M-TDSC, the imposition of a sinusoidal modulation to the 
heating rate results in the heat flow signal containing a cyclic component. A 
Fourier transform treatment may then be used to deconvolute the cyclic 
component (the 'reversing' signal) from the underlying (or total) heat flow 
signal. The underlying heat flow signal is equivalent to a conventional DSC 
response. It is also useful to calculate an additional signal, which is given by 
the difference between the underlying and the reversing signals. This is 
referred to as the 'non-reversing' signal. 
Thus, on the time-scale of the temperature modulation during an M-TDSC 
experiment, the cyclic or reversing signal is indicative of events which are, at 
the time and temperature that the measurement is taken, reversible. Such 
events are, therefore, subject to thermodynamic control, for example glass 
transitions. These events are also apparent in the underlying signal. The non-
reversing signal represents the contribution to the total heat flow signal of 
events which on the time-scale of the modulation are irreversible, or in some 
way kinetically hindered. 
3.4.4 Dynamic Mechanical Thermal Analysis 
Dynamic mechanical thermal analysis (DMTA) was performed on samples 2.0 
± 0.1 mm thick in the single cantilever bending mode at a frequency of 10Hz 
and a strain level of 0.4±0.05%. A ramp rate of 2°C min-1 over the 
temperature range -70 to 180°C was applied to samples, unless they began to 
creep, in order to obtain curves of log E' and tan /) as a function of 
temperature. The equipment used was a TA Instruments DMA 2980 dynamic 
mechanical analyser. 
A summary of the principles of DMTA(244) and the origin of the parameters log 
E' and tan /) is given below. 
65 
Chapter 3 Experimental 
A sinusoidal oscillatory strain, E, applied to a polymeric material at an angular 
frequency 00, may be described by the following expression: 
E = Eo sin oot 
where Eo is the strain amplitude and t is time. 
The resulting deformation or stress response a will also vary sinusoidally with 
time if the behaviour of the material is linearly viscoelastic (Le. if the amplitude 
of the stress is proportional to that of the strain at a given temperature and 
frequency), but will be out of phase with the strain: 
a = ao sin (oot + 15) 
where ao is the stress amplitude and 15 is the phase angle. 
The phase lag results from the time required for molecular 
rearrangements/relaxation phenomena to occur following the deformation of a 
viscoelastic material. This is in contrast to the behaviour of an elastic solid, 
where at any frequency the applied stress and the strain response are in 
phase Le. the phase lag, 15, is O. 
As a result, the stress response can be considered to consist of two 
components, one of which is in phase with the applied strain (ao cos 15) and 
the other which is 90° out of phase (ao sin 15). Consequently, the modulus 
may also be separated into an in-phase (real) and an out of phase (imaginary) 
component. 
Expressed in complex notation: 
a = ao exp i oot + 15) 
E = Eo exp ioot 
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E* = (J / E = (JO / Eo (ei; = (JO / Eo (cos 0 + i sin 0) 
i.e. E* = (I:') + ; (1:") 
Experimental 
where E* is the complex modulus, (1:') is the real part of the modulus and (1:") 
is the imaginary part of the modulus. 
Also, 
tan 0 = sin OIcos 0 = (1:")/(1:') 
The real part of the modulus (1:'), is also known as the storage modulus, since 
it represents the stored elastic energy of the material. The imaginary 
component of the modulus (P'), is often referred to as the loss modulus, 
since it is associated with the dissipation of energy as heat upon deformation 
of the material. 
3.4.5 Fourier-transform Infrared Spectroscopy 
Solid elastomer samples were analysed by Fourier-transform infrared 
spectroscopy (FTIR) in the photo acoustic spectroscopy mode (PAS). The 
wavenumber range 600-4000cm-1 was investigated, with two hundred scans 
per sample being performed on a Unicam Mattson 3000 FTIR spectrometer. 
The results of the FTIR spectroscopic analyses of polyurethanes display 
absorption peaks in the approximate wavenumber range 1700-1730cm-1• 
These peaks are attributed to the absorbance of infrared radiation by the 
carbonyl groups present in the urethane linkages. Absorbance peaks with 
maxima in the range 1728-1730cm-1 are generally attributed to urethane 
carbonyl groups not participating in inter-urethane hydrogen bonding 
interactions(245). Conversely, peaks with maxima in the range 1699-1712cm-1 
are attributed to urethane carbonyl groups participating in inter-urethane 
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hydrogen bonding interactions i.e inter-hard segment interactions(2). The 
absolute value of the wavenumber within this range provides an indication of 
the relative strength of the hydrogen bonds. Thus, decreasing infrared 
absorption wavenumber values are associated with carbonyl bonds of 
reduced energy in accordance with the following relationships(246), and are in 
turn the result of inter-urethane hydrogen bonds of increased strength. 
wavenumber = v I c 
E=hv 
where v is the frequency of the radiation, c is the velocity of the radiation, Eis 
the energy of the radiation and h is the Planck constant (6.626x1 O·34JS). 
The relative absorbances of the hydrogen bonded and non-hydrogen bonded 
peaks are proportional to the relative quantities of each type of urethane 
carbonyl group present and can, therefore, provide an indication of the degree 
of hard/soft segment phase separation present. Consequently, values of the 
parameter, X, the fraction of hard segments participating in inter-urethane 
hydrogen bonding, were calculated from the following relationship(252). 
where A"""" is the area of the hydrogen bonded urethane carbonyl group 
absorbance peak and Ac--Q/ is the area of the non-hydrogen bonded (free) 
urethane carbonyl group absorbance peak. 
This calculation makes use of the Beer-Lambert law(246), which states that the 
absorbance of a species is directly proportional to the concentration of the 
species present, as follows. 
A=ebc 
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where A is the absorbance, e is the absorption coefficient, b is the path length, 
or sample thickness, and c is the concentration of the absorbing species. 
Values of absorbance were obtained by integration of the areas under the 
absorbance peaks. It was assumed that the ratio of the extinction coefficients 
for the non-hydrogen bonded and the hydrogen bonded urethane carbonyl 
groups equalled unity. 
3.4.6 Wide Angle X-Ray Scattering 
Wide angle X-ray scattering analyses (WAXS) of the elastomer samples 
(dimensions 25±O.5mm x 25±0.5mm x 2.0±0.1 mm) were performed on a 
Phillips P1050/25 diffractometer with a graphite crystal monochromator. The 
conditions of operation were an accelerating voltage of 40kV and a current of 
30mA. Copper Ka radiation with a wavelength of 0.1542nm was utilised over 
the range of 28 values from 5° to 40° at a scan rate of 0.3°/min. 
Application of the Bragg equation(246) for the scattering of X-rays allowed the 
dimensions of the repeat spacing for any structures present to be calculated: 
n'J...=2dsin8 
where n is equal to 1, 2, 3, etc., 'J... is the wavelength of the incident X-rays, d is 
the repeat distanceilayer spacing of the scattering feature and 8 is the 
scattering angle. 
3.4.7 Cohesive Energy Density Calculations 
The model used to calculate cohesive energy densities in this study was 
developed by Porter in the 1980's and early 1990's whilst working for the Dow 
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Chemical Company(248). The model was developed as a commercial tool to 
allow "as many important engineering properties as possible to be predicted 
quantitatively as a function of polymer composition,,(248). 
The calculations presented in this report use only the simplest aspects of the 
model and may be thought of as a modified version of the group contributions 
methods of van Krevelen (249). 
The group contributions method of van Krevelen is perhaps the best known of 
the Quantitative Structure-Property Relations (QSPR) techniques. These 
techniques have arisen due to the inability of atomic and molecular level 
simulations to predict actual bulk polymer properties. They use functional 
models that are based on empirical structure-property relationships. 
The group contributions techniques utilise a set of rules developed for each 
physical property and identify the contribution of each small group of atoms in 
turn to that property parameter. The model consists of tables of data for each 
small group of atoms and rules on how they can be combined to give the 
overall contribution of the mer unit, and, thus, the polymer that is constructed 
from the mer units. These group contribution tables have be.en used to 
calculate the values of cohesive energy and van der Waal's volume in the 
tables derived by Porter (248). Seitz pioneered this method of calculating these 
simple parameters (250). 
The group contribution values used to calculate cohesive energy densities in 
this study are re-produced in the tables below. The values in brackets are 
those to which some doubt is attached. Example calculations are shown 
following the table. All values calculated can only be considered as 
approximations and are given for the amorphous form of the polymer. 
Specific interactions of strong ionic or hydrogen bonding between specific 
chemical functional groups are not included. The parameters are described 
overleaf: 
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Description Units 
Molecular weight of mer unit g/mol 
van der Waal's volume of mer unit cc/mol 
Cohesive energy J/mol 
Skeletal modes of vibration of polymer mer unir1 
glass up to Tg 
Volume with experimental correction cm3 
The model parameters M, Vw, Ecoh and N are all directly molar group additive. 
The parameter values for each segment, or group, can simply be summed to 
give the value of the parameter for the selected mer unit of the polymer. This 
makes the model calculation independent of the size of the mer unit chosen. 
Values for random copolymers can be calculated from different mer units in 
any given ratio since the predictive equations of group interaction modelling 
(GIM) scale identically for all parameters. The correction factor that is applied 
to the values of Vw presented in the group contribution tables was arrived at 
. by comparison of the Vw values with experimental data. 
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Group Contribution Tables 
Group: Backbone M Vw Ecoh N 
(cc/mol) (J/mol) 
-CHn- 14 10.23 4500 2 
-CH=CH- 26 16.9 9000 4 
--c=c-- 24 16.9 (9000) (?) 
< ) 
82 53.3 23000 6 
< ) 
76 43.3 25000 30r5 
-CO-NH- 43 19 40000 4 
-0- 16 5 6300 2 
-CO- 28 11.7 17500 2 
-CO-O- (ester) 44 17 20000 4 
-CO-O- (acrylate) 44 17 10000 8ide2 
-CH(OH)- 30 14.8 (17500) (4) 
-O-CO-O- 60 22 19500 6 
-N- 14 4 9000 2 
-8- 32 10.8 8800 2 
-802- 64 20.3 45000 4 
-NH-O- 31 12 25300 4 
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Group: end /side group M Vw Ecoh N 
(cc/mol) (J/mol) 
-CH3 15 10.9 4500 2 
-CH(CH3)2 43 32.7 13500 3 
-CH(CH2)-CH2- CH3 56 43.6 18000 4 
-C(CH3)J 56 43.6 18000 2 
-CO-NH2 44 (14) 40000 3 
-OH 17 8 13000 2 
--C=N 26 (8) 22000 2 
-F 19 (3) 4500 (0) 
-Cl 35.5 8.3 11500 (2) 
-Br 80 10.6 15500 (2) 
< ) 
83 55 26000 2 
< ) 
77 44.5. 27000 2' 
. . 
• Hydrogen substitutIOns should be accounted for by use of styremcs parameters table before 
applying this value.(248) 
Example CED Calculation 
The example calculation shown here is for the PTMEG (1000) / MOl / 1,4-
butanediol system. Each separate calculation is shown along with diagrams 
to illustrate how the various components of the system were broken down for 
the calculation. A full table containing all of the CED calculation results for 
this study is given in Appendix A. 
The results presented in this study are solely presented for comparison within 
this body of work. If they were to be used to compare other materials, the 
calculations must be carried out in the same manner for any valid conclusions 
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to be drawn. Several assumptions regarding where to 'split' the various 
reacting components are made here. These are by no means presented as 
absolute and other approaches may be equally valid. The results presented 
here are those which it was felt gave the most useful and realistic data for 
comparison. The same assumptions are made for all the materials and all the 
values presented have been calculated in an identical manner. 
Calculation of Chain Extender Cohesive Energy Density 
The cohesive energy density of the chain extender was calculated for the unit 
shown in the diagram above. The a,w- hydroxyl groups were not included as 
their cohesive energy will change as the reaction proceeds. 
Group interaction values employed 
Group: Backbone 
-CHn-
4 x 4500 = 18,000 J/mol = Ecoh 
4 x 10.23 = 40.92 = Vw 
40.92 x 1.6 = 65.47 = V 
Totals 
18,000 J/mol = Ecoh = J/mol 
65.47 = V = cm3/mol 
M Vw 
(cc/mol) 
14 10.23 
Therefore, CED = 18000/65.47 = 274.93 J/cm3 
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Calculation of Diisocyanate Cohesive Energy Density 
CH,--{ )>--
The cohesive energy density of the diisocyanate was calculated for the unit 
shown in the diagram above. The a,oo NCO groups were not included as their 
cohesive energy will change as the reaction proceeds. 
Group interaction values employed 
Group: Backbone 
-CHn-
<-> 
1 x 4500 = 4500 J/mol = Ecoh 
2 x 25000 = 50000 J/mol = Ecoh 
4 x 10.23 = 40.92 = Vw 
40.92 x 1.6 = 16.37 = V 
2 x 43.3 = 86.6 = Vw 
86.6 x 1.6 = 138.56 = V 
Totals 
54500 J/mol = Ecoh = J/mol 
154.93 = V = cm3/mol 
M Vw 
(cc/mol) 
14 10.23 
76 43.3 
Therefore, CED = 54500/154.93 = 351.78 J/cm3 
75 
Ecoh N 
(J/mol) 
4500 2 
25000 3 or 5 
Chapter 3 Experimental 
Calculation of Hard Segment Cohesive Energy Density 
The cohesive energy density of the hard segment was calculated for the unit 
shown in the diagram above . 
• 
Group interaction values employed 
Group: Backbone 
-CHn-
< ) 
-CO-NH-
-0-
6 x 4500 = 27000 J/mol = Ecoh 
4 x 25000 = 100000 J/mol = Ecoh 
4 x 40000 = 160000 J/mol = Ecoh 
4 x 6300 = 25200 J/mol = Ecoh 
6 x 10.23 = 61.38 = Vw 
61.38 x 1.6 = 98.21 = V 
4 x 43.3 = 173.2 = Vw 
173.2 x 1.6 = 277.12 = V 
4x 19 =76=Vw 
76 x 1.6 = 121.6 = V 
M 
14 
76 
43 
16 
76 
Vw Ecoh N 
(cc/mol) (J/mol) 
10.23 4500 2 
43.3 25000 3 or 5 
19 40000 4 
5 6300 2 
4x 5 =20=Vw 
20 X 1.6 = 32 = V 
Totals 
312200 J/mol = Ecoh = J/mol 
528.93 = V = cm3/mol 
Chapter 3 
Therefore, CED = 312200/528.93 = 590.25 J/cm3 
Calculation of Soft Segment CEO 
--(CH2)40 -
Experimental 
The cohesive energy density of the soft segment was calculated for the unit 
shown in the diagram above. 
Group interaction values employed 
Group: Backbone 
-CHn-
-0-
4 x 4500 = 18000 J/mol = Ecoh 
1 x 6300 = 6300 J/mol = ECOh 
4 x 10.23 = 40.92 = Vw 
40.92 x 1.6 = 65.47 = V 
1 x5=5=Vw 
5 x 1.6 = 8 = V 
Totals 
24300 J/mol = Ecoh = J/mol 
M 
14 
16 
77 
Vw Ecoh N 
(cc/mol) (J/mol) 
10.23 4500 2 
5 6300 2 
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73.47 = V = cm3/mol 
Therefore, CED = 24300173.47 = 330.74 J/cm3 
Calculation of Hard/Soft Segment Cohesive Energy Density Mismatch 
The hard/soft segment mismatch was simply calculated by subtracting the 
soft segment CED from that of the hard segment. 
590.25 - 330.74 = 259.51 J/cm3 
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Chapter 4 The Influence of a,Ol-Diol Soft Segment Variation 
4.1 Results and Discussion 
Polyurethane elastomers with varying soft segment, but constant hard 
segment (MOl and 1,4-butanediol) were synthesised and characterised in 
order to determine the effects of varying soft segment structure, and, 
therefore, cohesive energy density on the physical and mechanical properties 
of these materials enabling comment on the driving forces for phase 
separation. 
The chemical structures of the soft segments are shown in section 3.1.2. (see 
page 51). Their characterisation is described in section 3.2.1. For ease of 
handling, the data will be treated in two groups, the PTMG polyethers and 
other polyols. 
4.2 Results and Discussion of PTMG Soft Segments 
Polyurethane elastomers were produced as described in section 3.3. This 
. group of materials was synthesised to investigate the influence of average 
soft segment molecular weight. In this series of materials the soft segment 
molecular weight was varied, but by using the same polymer backbone, the 
cohesive energy density of the polyol remained unchanged. By maintaining 
the cohesive energy density mismatch between the hard and soft segment 
comment can be made on changes in the morphology of the material secure 
in the knowledge that any changes are due to variation in hard segment 
content or the change in soft segment molecular weight. Polyethers were 
used for this part of the study due to the reduction in sofVhard segment 
interactions when compared with polyester-based materials. All of the 
materials described in this sub-section were synthesised from MOl, 1,4-
butanediol and the respective PTMG polyether soft segment reacted in a 2.1 : 
1 : 1 ratio. As the reaction ratios remained constant throughout this thesis, 
the volume fraction of hard segment changed as average soft segment 
molecular weight was varied. The soft segments employed in this section are 
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shown in table 4.1. The figure in brackets indicates the average soft segment 
molecular weight of PTMG employed. 
4.2.1 General Observations 
The material produced using the 250 average molecular weight polyol gelled 
significantly quicker than the other materials in the series. It was not possible 
to perform some of the analysis techniques on the glassy, rigid transparent 
material that was produced. The remaining polyols in the series produced 
flexible opaque elastomers with a slight yellow tint. Materials for which no 
analysis was performed are indicated by a star (*) in the results tables to 
differentiate them from materials where the analysis was carried out, but no 
change in properties were observed which are denoted by a dash (-). 
4.2.2 Fourier-transform Infrared Spectroscopy 
The inter-urethane hydrogen bonded carbonyl absorption maxima and values 
of X, the proportion of urethane carbon groups participating in inter-urethane 
hydrogen bonding, determined as described in section 3.4.5, for this series of 
polyurethane elastomers are summarised in table 4.1. 
Inter-Urethane Hydrogen-Bonded X 
Soft Segment Carbonyl Absorption Maximum I (±1cm-1) (±0.02) 
PTMG (250) 1711 0.63 
PTMG (650) 1707 0.64 
PTMG (1000) 1704 0.64 
PTMG (1400) 1703 0.63 
PTMG (2000) 1705 0.65 
PTMG (2900) 1706 0.65 
Table 4.1. FTIR spectroscopy results of PTMG soft segment polyurethane 
elastomers. 
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The hydrogen bonded urethane carbonyl absorbance peak was ill defined in 
the 250 average soft segment molecular weight material. Moving through the 
higher average molecular weight materials they gradually showed better 
definition and lower percentage transmittance as soft segment average 
molecular weight increased. The 1400 average molecular weight material 
showed both the hydrogen bonded urethane carbonyl absorbance peak and a 
free urethane carbonyl absorbance peak as well defined with approximate 
parity in percentage transmission. The final two materials in the series, 2000 
and 2900 average soft segment molecular weight, had the free urethane 
carbonyl absorbance peak showing the lowest percentage transmittances. 
This effect was particularly marked in the 2900 average molecular weight 
material. 
The inter-urethane hydrogen-bonded carbonyl absorption maxima for the 
series of materials, presented in table 4.1, displayed an initial increase in the 
strength of the hydrogen bonding interactions from 250 average soft segment 
molecular weight to 1400 average molecular weight. The strength of the 
interactions then dropped slightly as the average molecular weight increased 
to 2900. 
The 250 average molecular weight material showed considerably weaker 
levels of interaction than the other materials in the series. The weak 
interactions in this material were ascribed to several factors. The small size of 
the 250 average molecular weight molecules, when compared to the other 
materials in the series, means that there will be a greatly reduced degree of 
flexibility in the polymer backbone. The lack of mobility caused by this 
reduced flexibility is exacerbated by the fast gel time of this system as 
described in section 4.2.1. The material gelled very quickly before the 
functional groups on the polymer backbone had the opportunity to align as 
they might in a slower gel, more mobile system. 
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The high hard segment content in this material meant that a high number of 
hydrogen bonding interactions occur in the 250 average molecular weight 
material. However, the domains formed are small and poorly organised. It is 
unlikely the 1,4-butanediol would have adopted the highly symmetrical all 
trans, planar zigzag, conformation that allows bi-directional inter-hard 
segment interactions(14B). 
Average Soft Segment Molecular Average Hard Segment Content / % 
Weight by mass 
250 71 
650 49 
1000 38 
1400 31 
2000 24 
2900 18 
Table 4.2. PTMG soft segment data and average elastomer hard segment 
content. 
The 650 average molecular weight material showed absorption maxima of 
1707 cm-1. This value falls between those observed for the 250 and 1000 
average molecular weight materials. This was again attributed to the 
relatively low molecular weight of this material resulting in the factors outlined 
previously influencing the morphology of the elastomer. 
Chapter 6 of this thesis shows that as the number of -CH2- groups in a chain 
extender backbone increases a critical point is reached where the mobility of 
the molecule is sufficient to allow low energy conformations to be adopted. 
These low energy conformations facilitate inter-urethane hydrogen 
bonding(24B). It appears that a similar phenomenon is observed for this series 
of materials contributing to the pattern observed in the inter-urethane 
hydrogen-bonded absorption maxima. If this argument holds true, then the 
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1000 and 1400 average molecular weight materials are within this optimum 
zone, and, therefore, show the strongest interactions. 
The absorption maximum values for the 2000 and 2900 average molecular 
weight material increased slightly when compared to those for the 1000 and 
1400 average molecular weight materials. This reduction in interaction 
strength was attributed to the greatly reduced hard segment content of these 
materials and the competing drive for soft segment crystallinity. These higher 
soft segment average molecular weight materials are also more likely to 
possess a degree of soft segment crystallinity. This drive for soft segment 
order may reduce the strength of inter-hard segment interactions. 
As described in chapter 3, the values of X, the fraction of hard segments 
participating in inter-urethane hydrogen bonding, was calculated in the 
following manner. Dividing the area of the hydrogen bonded urethane 
absorbance peak, usually found in the 1699-1706 cm-1 range, by the total 
area of the free urethane carbonyl absorbance peak, 1731-1733 cm-\ and the 
hydrogen bonded urethane absorbance peak, 1699-1706 cm-\ gave X. For 
the series of elastomers presented here, the values of X were, within 
experimental error, the same. Although the values were, the same there was 
a broad reproducible trend upwards from the 250 average molecular weight 
material to the 2900 average molecular weight material. These values of X 
were an indication of the extent of the inter-urethane hydrogen-bonding 
network. As such, in a series of materials where the thermodynamic drive for 
phase separation is identical, it is reasonable to predict similar values. The 
small apparent differences that arose could be due to the variance in soft 
segment molecular weight and hard segment content. 
The differences in soft segment molecular weight, combined with the variance 
in hard segment content, means that although a hard/soft segment domain 
morphology forms and hard segment interactions occur in all these materials, 
the size of the domains and the strength of the interactions within them will 
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vary. It is, therefore, possible to have similar proportions of carbonyl groups 
in hard domains interacting with other hard segments, but observe significant 
variation in the influence they exert over the physical and mechanical 
properties of the elastomer. A multitude of small domains with weak 
interactions between the groups within them will not exert the same influence 
as larger ordered domains comprised of molecules with strong interactions. 
In summary, the IR data for this series of materials indicated that the extent of 
inter-urethane hydrogen bonding interactions was very similar, but the 
strengths, of these interactions varied considerably. 
4.2.3 Differential Scanning Calorimetry 
The results of. the DSC analysis of the series of materials produced employing 
MOl and 1,4-butanediol as the hard segment and PTMG of various average 
molecular weights as the soft segment are presented in figure 4.1 and 
summarised in table 4.3. 
All of the materials showed step transitions in their heat flow curves at sub-
ambient temperatures. These step transitions indicated changes in the heat 
capacity at the glass transition temperature (T g) of the PTMG soft segment. A 
value of Tg was assigned to this transition by obtaining the point of curve 
inflection of the heat flow curve. All of the materials in this series exhibited 
endothermic features in their heat flow curves due to dissociation or melting 
events. The peak temperatures of these events were assigned the 
deSignation T m and marked (SS) if they were due to dissociation or melting 
within the soft segment. All T m events not designated (SS) should be 
considered to have been designated as phase separated hard segment 
domain melting or dissociation. 
Samples of each of the materials described in this section were re-tested 
under the same regime after being stored at room temperature for a minimum 
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of three years. All of the samples were shown by DSC to be unchanged 
within the standard experimental error. This re-test was undertaken to 
demonstrate that the materials were all in a stable state when initially tested 
and the results could, therefore, be compared with confidence. The data 
presented here are the original test results. 
Soft Segment T m 1(±2.0°C) T g 1(±2.0°C) 
PTMG (250) 102,126 -19 
PTMG (650) 147 -28 
PTMG (1000) 58, 142 -45 
PTMG (1400) 59, 149 -58 
PTMG (2000) 9(SS), 59, 145 -69 
PTMG (2900) 14(S8), 135-152 -74 
Table 4.3. DSC results of PTMG soft segment polyurethane elastomers. 
The 2000 and 2900 average molecular weight materials showed distinctive 
exotherms and endotherms due to soft segment order. The lower average 
soft segment molecular weight materials do not show significant signs of soft 
segment crystallinity, although there is a slight step in the heat flow curve of 
the 1400 average molecular weight material. This material's soft segment 
molecular weight distribution means that it will contain some higher molecular 
weight material that would crystallise, if not disrupted by lower molecular 
weight molecules. 
As described above, all of the materials in this section showed clear glass 
transitions in their heat flow curves. The glass transition temperature 
decreased as the average molecular weight of the PTMG soft segment 
increased. 
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Figure 4.1 . DSC results of PTMG soft segment polyurethane elastomers. 
The 250 average molecular weight PTMG material displayed a step transition 
at -19°C that was attributed to the soft segment glass transition . However, it 
also showed a possible step transition with its mid point at 48°C. The high 
hard segment content of this material , 71 % by mass, means that the 
morphology of this material is different to the majority of those in this study, 
which have hard segment domains dispersed in a soft segment phase. The 
low average molecular weight of the soft segment, in this case results, in a 
morphology where the soft segment will be dispersed in a hard segment bulk. 
This dominance of the hard segment combined, with the fast gel time of this 
system mentioned previously, could lead the possible step transition at 48°C 
to be interpreted as a glass transition for long chains of diisocyanate and 
chain extender molecules which have reacted with one another. Attempts 
were made to synthesise and analyse a material, via DSC, constituted entirely 
of MOl and 1,4-butanediol. However, no clear glass transition temperature 
could be measured. The failure of this approach was not disastrous as other 
evidence suggested that the 'step transition' was not what it initially appeared 
to be. Both the FTIR spectroscopy data and the physical appearance of the 
material suggest that no forms of long-range order exist in the dominant hard 
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segment region. As was previously described, the reaction proceeds very 
quickly yielding a transparent material. If the hard segments were forming 
large well ordered domains, then an opaque, or, with this high volume of hard 
segment, white material , would result. This lack of order is also reflected in 
the FTIR spectroscopy results described in the previous section. 
The experimental evidence suggested that this material had a large number 
of hard segments which, due the fast reaction speed of the system , formed a 
poorly ordered continuous phase. Therefore , rather than the feature observed 
in the DSC being a step transition the most likely explanation is that it is the 
beginning of a very broad endotherm due to the disordered hard segment 
dissociation. Two peaks are seen in this broad endotherm at 102°C and 
126°C caused by the dominant crystalline conformations adopted in this 
material. The lower melting point of these dominant crystalline formations, 
when compared to those of the other materials in this series, was consistent 
with the postulated disordered nature of this system. 
The 650 average molecular weight material also had a high hard segment 
content, 49% by mass. It might, therefore, be expected to form co-continuous 
phases and yield similar DSC results to those of the 250 average molecular 
weight material. However, analysis of the 650 average molecular weight 
material gave results consistent with those of the majority of materials in this 
series. There was no evidence of the disorder seen for the lower molecular 
weight material, but rather one clear glass transition and one sharp 
endotherm, attributed to melting or dissociation of hard segments. 
This rapid change in morphology, from the 250 to 650 average soft segment 
molecular weight materials, is likely to be due to several factors. The 
reduction in hard segment content, from 71 % to 49%, the increase in 
backbone length, from three repeat units to eight, giving increased flexibility 
and the greater likelihood of the favoured all-trans, planar zigzag, 
conformation of the 1,4-butanediol being adopted and the significantly slower 
88 
Chapter 4 The tnfluence of a.ru-Diol Soft Segment Variation 
gel time of the 650 average soft segment molecular weight system, increases 
the probability of low energy conformations being adopted. 
The 650, 1000, 1400 and 2000 average molecular weight materials all 
showed sharp endotherms with relatively narrow bases in the 140-150cC 
temperature range. These endotherms were probably due to domains where 
it was possible to adopt the all-trans, planar zigzag, conformation of 1,4-
butanediol. These well ordered cohesive domains require more energy to be 
disrupted when compared with less ordered domains, and, therefore, the 
endotherms for the most ordered configurations occur at higher temperatures. 
Comparison of the hard segment T m and the width of the melting endotherms 
confirmed that very similar hard segment conformations are found in the 650 , 
1000, 1400 and 2000 average molecular weight materials, while much less 
ordered structures exist in the 250 average molecular weight material. The 
2900 average molecular weight material showed only a very broad shallow 
endotherm rather than the sharp features observed for the other materials. 
This broad appearance may be due to the competing drive for soft segment 
crystallisation resulting in ill -defined domains with weaker inter-urethane 
hydrogen bonds. 
All of the materials with average molecular weights of 1000 or greater showed 
small endothermic features between 57 Cc and 59 cC. Other studies(235) have 
attributed these events to the melting, or dissociation, of less wel l ordered 
hard segment domains. This assignment is consistent with the observations 
made here. These poorly ordered domains require lower levels of energy to 
disrupt them, and, therefore, the associated melting feature is observed at 
lower temperatures. 
4.2.4 Modulated-temperature Differential Scanning Calorimetry 
The M-TDSC analyses of the materials in this series did not show any 
significant variance from the results obtained via conventional DSC analyses. 
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Figure 4.2. M-TDSC of the PTMG 1000 material. 
All of the materials showed endotherms in the non-reversing heat flow at the 
same temperatures that they displayed endothermic features in the heat flow 
signals. The M-TOSe trace for the 1000 average molecular weight material 
has been included as a typical example of this (Figure 4.2). The appearance 
of the endotherm in both the heat flow and non-reversing heat flow signals 
indicates that these events were subject to kinetic control. This is consistent 
with their assignment as hard segment melting events. 
The M-TOSe trace for the 650 average molecular weight material (Figure 4.3) 
differed slightly from the others in the series in that a small endotherm was 
observed in the reversible heat flow signal. This was observed for this 
formulation and not the others in the series as the higher hard segment 
content and smaller average soft segment molecular weight result in both a 
greater number of possible encounters between reactive groups and a faster 
time scale for these encounters than for the other materials. Therefore, as the 
hard segments dissociate, there is a greater chance of a rapid encounter that 
will result in them re-associating. 
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Figure 4.3. M-TOSe of the PTMG 650 material. 
An identical phenomenon was observed in the reversible heat flow curve for 
the higher average molecular weight materials soft segment melting 
endotherms (Figure 4.4). 
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Figure 4.4. M-TOSe of the PTMG 2900 material. 
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4.2.5 Dynamic Mechanical Thermal Analyses 
The materials all displayed peaks in the value of tan I) at sub-ambient 
temperatures and simultaneous falls in the value of log E' indicative of the T 9 
of the PTMG soft segment(137) All of the materials also displayed increases 
in the value of tan I) and simultaneous decreases in the value of log E' at 
higher temperatures. The temperatures at which these changes occurred 
were coincident with endotherms observed in the DSC and M-TDSC 
analyses. These features were, therefore, considered to be due to the 
melting of phase separated hard segment domains and were designated T m. 
The DMTA experiments on these materials were stopped when the tan I) 
value began to increase rapidly indicating that the sample was slipping in the 
clamps or stretching as it melted. 
The DMTA results of this series of materials are summarised in table 4.4 and 
shown in figures 4.5 and 4.6. 
Soft Segment Tg /(±2.0°C) T m /(±2.0°C) 
PTMG (250) • • 
PTMG (650) 2 60, 134 
PTMG (1000) -21 128 
PTMG (1400) -30 59,143 
PTMG (2000) -43 63, broad transition 129 
PTMG (2900) -49 117 
Table 4.4. DMTA results of the PTMG soft segment polyurethane 
elastomers. 
As the average soft segment molecular weight increased, the T 9 of the 
elastomers fell in the same manner as was observed via the DSC and M-
TDSC analyses. The tan 0 peaks for the 2900 and 2000 average soft 
segment molecular weight peaks both had slight shoulders that could be 
attributed to the influence of soft segment crystallisation. The effect of the 
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soft segment crystallisation was also evident in the storage modulus curves, 
where both materials showed a rapid softening and then stiffened slightly at 
approximately -40°C. 
These peaks in the storage modulus curves occurred as the level of energy 
being put into the sample increased. This increased the kinetic energy and 
mobility of the molecules within the sample . This increase in molecular 
mobility allows the soft segment to adopt low energy conformations and 
reinforce the material increasing its storage modulus. As more energy is put 
into the sample, these crystalline regions are disrupted and their reinforcing 
influence diminishes. The two higher average soft segment molecular weight 
materials also show signs of softening much earlier than the other materials . 
Both the tan 6 and storage modulus curves showed signs of softening from 
approximately 25°C. The low hard segment content in these materials means 
that when the re inforcing benefit from the soft segment crystallisation 
dissipates the materials soften rapidly as there is little reinforcement from 
inter-hard segment interaction(141). 
0.' 
..• 
PTMG (650) 
• -PTMG (1000) ~ 0.' - PTMG (1400) 
< ~ - PTMG (2000) 
- PTMG (2900 
.2 
- 110 .", 
'0 '0 90 "0 
Figure 4.5. Tan 8 DMTA results of PTMG soft segment/MD! 1,4-butanediol 
hard segment materials. 
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Figure 4.6. Storage modulus DMTA results of PTMG soft segment/MOl 1,4-
butanediol hard segment materials. 
The low temperature modulus values for the lower average soft segment 
molecular weight materials, 650-1400, were , within experimental error, the 
same. As the temperature increased the levels of energy and the mobility of 
the molecules in the materials also increased. The materials with the lower 
hard segment content showed a more rapid decline in storage modulus. For 
some systems, this may be interpreted as the influence of a greater or lesser 
degree of strong interactions in the hard segment phase(234). However, in this 
series of materials, it must be attributed to the variation in hard segment 
content. The higher levels of thermal stability and therefore superior retention 
of greater modulus values, are due to the higher proportion of rigid hard 
segment molecules. As the temperature was increased the level of kinetic 
energy and molecular mobility within the system also increased. In the 
materials with a high hard segment content, the level of energy required to 
disrupt the hydrogen bond interactions is higher than in those systems with a 
lower hard segment fraction . 
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All of the materials, with the exception of the 2900 soft segment average 
molecular weight material , displayed a feature in their modulus curves 
between 500e and 70oe . The curves showed a drop in modulus in this 
temperature range. It is likely that this was not observed for the 2900 soft 
segment average molecular weight material as the properties of the material 
are dominated by the soft segment melting in this temperature range . 
This drop in modulus was most pronounced for the 1400 and 2000 soft 
segment average molecular weight materials . The drop in modulus for the 
650 and 1000 soft segment average molecular weight materials was less 
pronounced, and, therefore, may be considered to be a continuation of the 
general decline in modulus values after the material's Tg. A feature was 
observed in this temperature range in the DSe and M-TDSe for all of the 
materials showing this drop in modulus, with the exception of the 650 soft 
segment average molecular weight material . This lower melting feature was 
attributed to the melting of less well ordered hard segment domains(141) . It is 
possible that the higher hard segment content in the PTMG 650 material 
increased the probability of favourable interactions to an extent that only a 
very small percentage of hydrogen bonding groups adopt unfavourable 
weaker conformations resulting in weak interactions. This lower proportion of 
weak interactions would result in either no melting event in the temperature 
range observed for the other materials, or such a small event that none of the 
analyses techniques employed here are sensitive enough to detect it. 
The results of the DMTA analysis of this series of materials corroborated the 
results of the other techniques employed previously. 
4.2.6 Wide Angle X-Ray Scattering 
The results of the WAXS studies performed on this range of materials yielded 
results that showed little, if any, variation as the average soft segment 
molecular weight was increased. The material produced from the 250 
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average molecular weight polyol was not analysed using this technique as a 
sample of sufficient size and quality could not be produced. The main 
feature observed for all of the materials was a diffuse scattering peak with a 
maximum intensity at a value of 28 of approximately 20"' This type of large 
diffuse scattering peak can be attributed to scattering from an amorphous 
arrangement of chain segments(140) (Figure 4.7) . 
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Figure 4.7. WAXS results of PTMG soft segment materials. 
.. 
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- PTMG 1000 
-PTMG I400 
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No features that could be attributed to hard segment domain morphology can 
be seen in the traces for the materials in this series. As the average soft 
segment molecular weight increases beyond 1400, the main diffuse scattering 
peak does not show any change due to soft segment order. The shape of the 
peak for the 2900 average soft segment molecular weight material does 
appear more asymmetric and slightly sharper than for the other materials. No 
significance should be attached to this slight variation as simi lar sharp 
asymmetric peaks have been observed for low molecular weight PTMG/1,4-
butanediol/MDI materials(234). 
No indication of soft segment crystallinity was observed in the WAXS results 
of these materials. This may be due to both the small fraction of crystalline 
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material in the majority of the soft segments and the re latively poor level of 
order, suggested by the DSC results, in the samples of those materials which 
do possess soft segment crystallinity. Section 4.3 contains WAXS traces for 
polyester polyol materials which possess a high degree of order in their soft 
segment. The WAXS results for these materials display clear sharp peaks 
imposed over the broad diffuse peak attributed to the amorphous 
arrangement of molecules in the soft segment phase. 
4.2.7 Tensile Testing 
The results of the tensi le testing analyses performed on this series of 
materials, produced with varying average molecular weight PTMG soft 
segments and constant hard segment, are summarised in table 4.5. It was 
not possible to perform tensile test experiments on the sample produced from 
the 250 average soft segment molecular weight PTMG. 
The materials produced from the 650, 1000 and 1400 PTMG average soft 
segment molecular weight polyols showed an increase in ultimate tensile 
strength as average chain length increased. This was accompanied by a fall 
off in elongation at break. The 2000 average molecular weight material 
showed a significant fall in ultimate tensile strength accompanied by an 
increase in elongation at break when compared to the 1400 average soft 
segment molecu lar weight material. The 2900 average soft segment 
molecular weight material 's ultimate tensile strength and elongation at break 
both increased relative to the PTMG 2000 average soft segment molecular 
weight and were the second highest and highest in the series, respectively. 
The values of 100%, 200% and 300% modulus followed the same pattern as 
ultimate tensile strength for the four lower average soft segement molecular 
weight materials . The modulus values observed for the 2900 average soft 
segment molecular weight material were lower than those for the all of the 
other elastomers in this series. 
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The changes in properties in the three lower average soft segment molecular 
weight elastomers presented here could be attributed to improved phase 
separation and reinforcement by hard segment micro domains. The increase 
in ultimate tensile strength and accompanying decrease in elongation at break 
is a pattern often observed as domain reinforcement increases(234). However, 
in this series of materials, it is more likely that these results are observed as a 
result of the increasing average soft segment length in combination with the 
influence of the phase separated micro domains. 
The IR results for the three lower. soft segment average molecular weight 
materials showed that they are phase separated to a similar degree, although 
the inter-urethane hydrogen bonds in the 1000 and 1400 average soft 
segment molecular weight materials are stronger than observed for the other 
elastomers in the series. This could imply that the increase in ultimate tensile 
strength is due to the increasing soft segment average molecular weight and 
the formation of more ordered hard segment domains. The reduction in 
values of elongation at break may be due to the formation of more ordered, 
better reinforcing, stiff hard segment domains. The high hard segment 
content of the 650 average molecular weight material may slightly warp the 
results as it is likely that a co-continuous phase is formed in this material(255). 
The increase in elongation at break and reduction in all other tensile 
properties that was observed as average soft segment molecular weight 
increased from 1400 to 2000 may be attributed to several factors. The 
reduction in hard segment content and the strength of the inter-urethane 
hydrogen bonds that are formed results in a decreased level of reinforcement 
from the hard segment domains. This manifests itself as a reduced ultimate 
tensile strength and increased elongation at break. The magnitude of the 
reduction in ultimate tensile strength may also be increased by the disruption 
to the order in the hard segment caused by the competing soft segment 
crystallinity. 
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Soft Segment Ultimate Tensile Elongation at 100% Modulus 200% Modulus 300% Modulus 
Strength Break IMPa IMPa IMPa 
IMPa 1% 
PTMG (250) • • • • • 
PTMG (650) 28 480 4.2 3.1 3.2 
PTMG (1000) 36 450 6.5 4.5 4.3 
PTMG (1400) 45 390 10.8 8.7 10.4 
PTMG (2000) 30 570 3.4 2.3 2.1 
PTMG (2900) 42 710 2.2 1.4 1.3 
Table 4.5. Tenstle results of the PTMG soft segment polyurethane elastomers. 
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The 2900 average soft segment molecular weight material showed an 
increase in both ultimate tensile strength, relative to the 2000 average soft 
segment molecular weight material, and the highest value of elongation at 
break of all the materials in this series. The combination of increase in 
elongation at break, and Significant reduction in all three modulus values 
implied that the hard segment domains are not the reinforcing mechanism in 
this elastomer. All of the data suggest that the hard segment domains in this 
material are poorly ordered, and, therefore, along with the low hard segment 
content, provide little additional benefit to the mechanical properties of the 
elastomer. The mechanical properties of this material are dominated by the 
soft segment. 
4.2.8 Cohesive Energy Density 
The cohesive energy densities for this series of PTMG soft segment 1,4-
butanediol/MDI hard segment materials are presented in table 4.6. All 
calculations were performed as described in section 3.4.7. 
The calculations conducted here were, as the title indicates, energy densities 
(J/cm-\ Therefore, the addition of repeat units to the polyol backbone does 
not alter the relative values between the hard and soft segments. The 
cohesive energy density mismatch between the hard and soft segments, in all 
these materials indicates that the thermodynamic drive for phase separation 
to occur is the same. This postulation is supported by the evidence presented 
in the previous sections of this study, particularly the FTIR spectroscopy data, 
which indicated that a similar proportion of the hydrogen bonding groups were 
interacting in all of the materials in this series. 
Although the practical data indicated that the degree of phase separation in 
this series of materials was very similar and appeared to be independent of 
hard segment content or the presence of soft segment crystallinity, this does 
100 
--------------------------_ .... -
Material Diisocyanate Chain Soft Hard Hard/Soft 
(All materials were of stoichiometry 2.1:1:1, two shot and cured at CED Extender Segment Segment Segment J/cm·3 CED CED 80°C as described in Chapter 3) J/cm-3 CED CED Mismatch (polyol avg. mol weight given in brackets) J/cm-3 J/cm-3 J/cm-3 
MOl: 1,4-butanediol : PTMG (250) 351.8 274.9 330.7 590.3 259.5 
MDI : 1,4-butanediol : PTMG (650) 351.8 274.9 330.7 590.3 259.5 
MOl: 1,4-butanediol : PTMG (1000) 351.8 274.9 330.7 590.3 259.5 
MOl: 1,4-butanediol : PTMG (1400) 351.8 274.9 330.7 590.3 259.5 
MOl: 1,4-butanediol : PTMG (2000) 351.8 274.9 330.7 590.3 259.5 
MDI : 1,4-butanediol : PTMG (2900) 351.8 274.9 330.7 590.3 259.5 
Table 4.6. CoheSIVe energy density calculation results of the PTMG soft segment polyurethane elastomers. 
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not mean that the structure within the phase separated domains in these 
materials was similar. All of the data sets indicated that the strength of the 
interactions within the hard segments, and possibly the size of the hard 
segment domains, varied throughout the series. 
When considered in isolation, the cohesive energy density calculations for this 
series of materials appear to predict accurately the level of phase separation 
within these systems. However, although the cohesive energy density 
calculations appear to predict accurately the level of thermodynamic drive for 
phase separation, they do not give any indication of the form the hard and soft 
segment domains will adopt. This is due to other factors which will have a 
more significant influence on the form of the domains. These factors include 
hard segment content(128-132, 255), soft segment molecular weight(2) and in some 
systems geometry, symmetry, polar groupS(206) and steric factors(234). 
For this particular series of materials the results suggest that the degree of 
phase separation can be predicted, but not the reinforcing benefit which may 
result from well ordered crystalline hard segments. These results indicate that 
the cohesive energy density calculations may prove a useful tool as the other 
factors mentioned above have been the subject of many studies and their 
influence can be predicted. 
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4.3 Results and Discussion of Non-PTMG Soft Segment Materials 
As discussed previously, this series of materials was produced with pure MOl 
and 1,4-butanediol comprising the hard segment and various polyols as the 
soft segments. All of the materials were produced via a two shot process as 
described in chapter 3. The soft segments employed in this section are listed 
in table 4.7. Full structures are given in chapter 3. 
4.3.1 General Observations 
The polyesters 1381 and 1412 both produced stiff off-white materials with the 
1381 variant being slightly less cloudy than the 1412. The polybutadiene soft 
segment produced a white material. This colouration may be an indication of 
a high degree of phase separation(182). This material required longer than any 
of the others in this study before it gelled and if left to stand without stirring 
appeared to separate into two distinct layers. The reaction of both 
polycaprolactones resulted in opaque, relatively soft elastomers. The 
poly(dimer acid-co-ethylene glycol) and poly(dimer acid-co-1 ,6-hexanediol-co-
adipic acid) polyols both resulted in elastomers with a slight yellow tint. The 
lower average molecular weight poly(dimer acid-co-ethylene glycol) polyol 
produced the less optically clear material. The poly(2-methyl-1,3-propylene) 
1000 average molecular weight, poly(2-methyl-1,3-propylene) 2000 average 
molecular weight, poly(1,2-butylene), poly(1,4-butylene adipate) and 
poly(polytetrahydrofuran carbonate) soft segments all produced off-white 
opaque elastomers. The materials produced from poly(2-methyl-1,3-
propylene) 1000 average molecular weight and poly(2-methyl-1,3-propylene) 
2000 average molecular weight gelled noticeably quicker than the other 
materials in this series. The elastomer resulting from the reaction of the poly 
1,2-butylene polyol was white and very soft, almost tacky to the touch. The 
materials produced from the poly(1,4-butylene)glutarate soft segment was a 
yellowed opaque elastomer. All of the polyols produced materials of 
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sufficient quality so that all of the analysis technique could be employed on all 
of the materials. 
4.3.2 Fourier-transform Infrared Spectroscopy 
The inter-urethane hydrogen bonded carbonyl absorption maxima and values . 
of X, the proportion of urethane carbonyl groups participating in inter-urethane 
hydrogen bonding, determined as described in section 3.4.5, for this series of 
polyurethane elastomers are summarised in table 4.7. This series of 
materials covers a wide number and breadth of polyols, and, therefore, for 
clarity, the materials will be covered in small groups or pairs. 
All of the materials in this section, with the exception of the polybutadiene, 
which has no groups capable of hydrogen bonding, and poly(1,2-butylene) 
diol, which is an ether, contain ester groups on the soft segment backbone, 
and are, therefore, likely to have inter-hard/soft segment hydrogen bonds. 
The materials produced with poly(polytetrahydrofuran carbonate) diol as the 
soft segment only contain one ester linkage in its backbone, so the 
significance of any hard/soft segment hydrogen bond interaction is doubtful. 
The polyesters 1381 and 1412 are both of 2000 average molecular weight, 
but their repeat units are different. This difference in repeat unit explains the 
variance in both the number of carbonyl groups involved in inter-urethane 
hydrogen bonding and the strength of those interactions. As illustrated in 
section 3.1.2, polyester 1412 has six -CH2- units in its repeat unit, whilst 1381 
has only four. This difference in repeat units is significant as it means that 
1381 has a much greater number of carbonyl groups on its backbone than 
1412. The effects of this structural change are illustrated by the lower X value 
and higher inter-urethane hydrogen-bonded carbonyl absorption maximum 
observed for polyester 1381. The increased number of carbonyl groups on 
the soft segment backbone will result in reduced levels of phase separation, 
due to thermodynamic effects and a reduction in chain mobility, therefore 
104 
Chapter 4 The Influence of a,m-Diol Soft Segment Variation 
reducing the soft segment's ability to adopt conformations favourable to inter-
hard segment hydrogen bonding, giving fewer, weaker, inter-hard segment 
hydrogen bonds(248). 
Inter-Urethane Hydrogen bonding X 
Soft Segment Carbonyl Absorption Maximum I (±1cm-1) (±0.02) 
Polyester 1381 1712 0.71 (2000) 
Polyester 1412 1707 0.76 (2000) 
Polybutadiene 1704 0.66 (2000) 
Polycaprolactone 1704 0.70 (1250) 
Polycaprolactone 1703 0.74 (2000) 
Poly(dimer acid-
1704 0.67 co-ethylene 
glycol) 
Poly(dimer acid-
co-1,6- 1711 0.72 
hexanediol-co-
adipic acid) 
Poly(2-methyl-
1706 0.72 1,3-propylene) 
(1000) 
Poly(2-methyl-
1718 0.70 1 ,3-propylene) 
(2000) 
Poly 1,2-butylene 
(2000)' 1700 0.73 
Poly(1,4-butylene 
adipatei 
1713 0.67 
Poly(polytetrahydr 1706 0.74 
ofuran carbonate) 
Poly(1,4-
butylene)glutarate 1708 0.65 
Table 4.7. FTIR spectroscopy analysIs results of the non-PTMG soft 
segment materials. 
The results of the inter-urethane hydrogen-bonded carbonyl absorption 
maxima and the ratio X for the two polycaprolactones, 217 and 226, were, 
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within experimental error, the same. This was to be expected as the two 
materials have the same repeat unit and differ only in their average molecular 
weight. The hard segment content in these materials did vary, being higher 
for the polycaprolactone 217 elastomer, but this variation did not cause any 
variation in properties that could be observed via the FTIR spectroscopy 
study. If the difference in soft segment average molecular weight had been 
greater, or if both soft segment had been of much lower average molecular 
weight, it is likely that a more significant variation in inter-urethane hydrogen-
bonded carbonyl absorption maxima would have been observed. The range 
of average molecular weight for these two materials, 1250 and 2000, means 
that the addition of a limited number of repeat units is not significant in terms 
of chain mobility or hard segment content. 
The poly(dimer aCid-co-ethylene glycol) and poly(dimer acid-co-1,6-
hexanediol-co-adipic acid) materials both have very large repeat units. Their 
repeat units were very different and, as would be expected, the results of the 
FTIR spectroscopy analyses differed. The effect of the ring structure on the 
inter-carbonyl interactions will be similar for both materials as in both 
structures the adjacent chain groups are (CH2)7 units. The inter-urethane 
hydrogen-bonded carbonyl absorption maximum of poly(dimer acid-co-
ethylene glycol) is lower indicating stronger interactions in this material than 
occur in the poly(dimer acid-co-1,6-hexanediol-co-adipic acid) material. 
However, the proportion of urethane carbonyl groups participating in inter-
urethane hydrogen bonding is higher for the poly(dimer acid-co-1,6-
hexanediol-co-adipic acid) material. The stronger interactions for the 
poly(dimer acid-co-ethylene glycol) material may be due to the higher levels of 
structural regularity in this material than are found in the poly( dimer acid-co-
1,6-hexanediol-co-adipic acid) material. This increased regularity would 
facilitate closer packing and increase the strength of the hydrogen bond 
interactions. The proportion of carbonyl groups participating in inter-urethane 
hydrogen bonding is higher for the poly(dimer acid-co-1,6-hexanediol-co-
adipic acid) due to the increased flexibility of the chain, caused by the 
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insertion of the (CH2)4 groups. These links are not particularly flexible, but will 
allow sufficient movement to increase the number of urethane groups that can 
interact relative to the (CH2)2 links found in both materials. 
The poly(2-methyl-1,3-propylene) materials, 1000 and 2000 average 
molecular weight, processes a high concentration of carbonyl groups which 
means the mismatch in cohesive energy density between the hard and soft 
segment will be low resulting in a reduced thermodynamic driving force for 
phase separation. The short length of backbone between the carbonyl 
groups and the presence of the pendant methyl group may provide some 
increase in tendency to phase separate as the steric factors and reduced 
flexibility may mean that inter-soft segment hydrogen bonding is less likely to 
occur. The X value, the proportion of urethane carbonyl groups participating 
in inter-urethane hydrogen bonding, for the two different average molecular 
weight materials was, within experimental error, the same. However, the 
inter-urethane hydrogen-bonded carbonyl absorption maxima for the two 
materials were very different. The value for the 1000 average molecular 
weight material indicates that the strength of any interactions in this material 
was significantly greater than those within the 2000 average molecular weight 
material. The 2000 average molecular weight material has the highest inter-
urethane hydrogen-bonded carbonyl absorption maximum in this series of 
materials, and, therefore, the weakest interactions. 
The structural differences between poly(1,4-butylene adipate) and poly(1,4-
butylene)glutarate are small and this was reflected in the similarity of their 
FTIR spectroscopy analyses. The X value, the proportion of urethane 
carbonyl groups participating in inter-urethane hydrogen bonding, for the two 
different average molecular weight materials was, within experimental error, 
the same for both materials. The inter-urethane hydrogen-bonded carbonyl 
absorption maxima for the two materials were different. The position of the 
maxima for the materials indicated that the interactions in the poly(1,4-
butylene)glutarate material were stronger than those in the poly(1,4-butylene 
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adipate) material. This difference in the strength of the interactions may be 
because the hydrogen bonding groups in the hard segment of the poly(1,4-
butylene)glutarate material were able to line up better than those in the 
poly(1,4-butylene adipate) material. This difference in flexibility could be 
attributed to the slightly more flexible soft segment backbone in the poly(1,4-
butylene adipate) material. This increase in flexibility will increase the 
likelihood that competing inter-soft segment hydrogen bonds will form 
reducing the occurrence of well aligned groups in the hard segment. 
The structure of poly(polytetrahydrofuran carbonate) means it could be 
formed by the linking of two PTMG, 1000 average molecular weight, 
molecules. This results in a concentration of ester groups in the soft segment 
that is very low. The low concentration of ester groups on the soft segment 
backbone yields a material that, as would be expected, is similar to the PTMG 
materials previously discussed. The proportion of urethane carbonyl groups 
partiCipating in inter-urethane hydrogen bonding was very similar for the 
poly(polytetrahydrofuran carbonate) material and the analogous PTMG 
materials. The inter-urethane hydrogen-bonded carbonyl absorption maxima 
for the poly(polytetrahydrofuran carbonate) material was also, within 
experimental error, the same as was observed for the PTMG materials. 
The large pendant groups on the soft segment backbone of the poly(1,2-
butylene) material and the ether, rather than ester, linkages make this 
material unlikely to have any significant inter-soft segment interactions that 
will compete with the inter-hard segment hydrogen bonding. This was 
reflected in the results of the FTIR spectroscopy analyses which showed a 
relatively high value of X and a low inter-urethane hydrogen-bonded carbonyl 
absorption maximum. These results indicated a high proportion of the 
hydrogen bonding groups in the hard segment were forming strong 
interactions. The inter-urethane hydrogen-bonded carbonyl absorption 
maximum value suggested that the hydrogen bonding interactions in this 
material were the strongest in this series. 
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The polybutadiene material has the largest thermodynamic driving force for 
phase separation to occur in this series of materials. The FTIR spectroscopy 
analyses of polybutadiene soft segment polyurethanes are of particular 
interest academically as there is no possibility of hydrogen bonding between 
hard and soft segments. The FTIR spectroscopy results for this material 
indicated that a relatively low proportion of the hard segment hydrogen 
bonding groups were interacting with other groups. Those hydrogen bonds 
which were formed were of reasonable, but not exceptional, strength. This 
relatively low proportion of hydrogen bonding groups interacting could be due 
to irregularity in the length of the hard segments. The polybutadiene soft and 
hard segment~ are so incompatible that a regular structure cannot be built up. 
This results in a disperse range of segment sizes and a reduction in the 
likelihood of interaction due to spatial factors. 
4.3.3 Differential Scanning Calorimetry 
The results of the DSC analysis of the series of materials produced employing 
MOl and 1,4-butanediol as the hard segment and various soft segments of 
differing average molecular weights are presented in figures 4.8 - 4.10 and 
summarised in table 4.8. 
All of the materials showed step transitions in their heat flow curves at sub-
ambient temperatures. These step transitions indicated changes in the heat 
capacity at the glass transition temperature (T g) of the soft segment. A value 
of T g was assigned to this transition by obtaining the pOint of curve inflection 
of the heat flow curve. All of the materials in this series exhibited endothermic 
features in their heat flow curves due to dissociation or melting events. The 
peak temperatures of these events were assigned the designation T m and 
marked (SS) if they were due to dissociation or melting within the soft 
segment. All T m events not designated (SS) should be considered to have 
been designated as phase separated hard segment domain melting. 
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Soft Segment T m /(±2.0°C) T 9 /(±2.0°C) 
Polyester 1381 (2000) 39(SS),148 -40 
Polyester 1412 (2000) 40(SS), 141 -42 
Polybutadiene (2000) 87,149 -36 
Polycaprolactone (1250) 57, 147 -32 
Polycaprolactone (2000) 153 -42 
Poly(dimer acid-co- 164, 183 -49 
ethylene glycol) 
Poly(dimer acid-co-1 ,6-
66,140 -45 hexanediol-co-adipic 
acid) 
Poly(2-methyl-1 ,3-
propylene) (1000) 54, 111, 124, 138 -21 
Poly(2-methyl-1 ,3-
propylene) (2000) 70 (slight endotherm) -31 
Poly 1 ,2-butylene (2000) 64, 152 (shallow) -47 
Poly(1A-butylene 66,110 (slight 
-29 
adipate) endotherms) 
Poly(polytetrahydrofuran 67, 149 -52 
carbonate) 
Poly(1A-
butylene)glutarate 53, 101 -34 
Table 4.8. DSC results of non-PTMG soft segments . 
. 
Due to the number and breadth of polyols covered in this series, they will, for 
clarity, be considered in the same small groups or pairs as they were 
presented in the FTIR spectroscopy analysis section. 
The DSC results for polyesters 1381 and 1412 showed large endotherms at 
39 and 40°C, respectively. These large endotherms were attributed to soft 
segment melting events. The glass transition temperatures of the materials 
were very similar and, within experimental error, may be considered to be the 
same. However, the Tg of polyester 1381, which has four rather than six CH2 
units in its repeat cell, was uniformly lower when repeat measurements were 
performed. Neither of these materials shows sharp endotherms at high 
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temperature due to hard segment melting events . The materials showed 
small shallow endotherms at 148°C and 141 QC respectively. The endotherm 
observed for material 1381 was smaller and shallower than that observed for 
material 1412. This, in combination with the FTIR spectroscopy results for 
these materials , suggests that material 1381 generally forms weaker less well 
ordered domains than material 1412, but does contain a small fraction of well 
ordered structures. The molecular composition and geometry of 1381 make it 
less likely to form domains easily, but of those it does form a small fraction will 
be very well-ordered due to its rigid structure. Neither of these materials is 
likely to form large well ordered structures as the hard segment formation 
process is competing with the drive for soft segment crystallinity. These 
materials were produced via an enzyme controlled process and the soft 
segment is therefore, very regular and prone to crystallinity. The work of Vu 
et al. (214) showed that as the likelihood of soft segment crystallinity in 
polyester based polyurethanes increased the likelihood of well ordered hard 
segment domains being formed decreases. 
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Figure 4.8. DSC results of polyester and polycaprolactone materials. 
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The DSC results of the two polycaprolactones, 217 and 226, unlike the FTIR 
spectroscopy results, show significant variation. As would be predicted the 
glass transition temperature for the lower soft segment average molecular 
weight material, 217, was higher than that of the higher soft segment average 
molecular weight material , 226. The DSC results for polycaprolactone 217 
showed two sharp, distinct endotherms at 57°C and 147°C, whilst the traces 
for polycaprolactone 226 showed only two very small endotherms at 62°C and 
153°C. The IR and DSC results suggest that polycaprolactone 217 is forming 
larger, but less well ordered, domains than polycaprolactone 226. This is 
partly explained by the difference in hard segment content between the 
materials. 
The endotherms for the lower soft segment average molecular weight 
material were larger as the hard segment is a greater percentage of the 
material 's mass. Many other studies have observed endotherms in the 45-
60°C range in conjunction with higher temperature events(234.235) These 
endotherms are frequently attributed to concentrations of hard segments in 
poorly ordered structures. 
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Figure 4.9. DSC results of polyester materials. 
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As stated in the FTIR spectroscopy analysis, both the poly(dimer acid-co-
ethylene glycol) and poly(dimer acid-co-l,6-hexanediol-co-adipic acid) 
materials have very large repeat units. The structure of the poly(dimer acid-
co-ethylene glycol) material may be slightly stiffer due to the absence of the 
(CH2)4 groups found in the poly(dimer acid-co-l ,6-hexanediol-co-adipic acid) 
material. This was reflected in the glass transition temperatures of the two 
materials, where the T g for poly(dimer acid-co-ethylene glycol) was slightly 
lower than that observed for the poly( dimer acid-co-l ,6-hexanediol-co-adipic 
acid) material. The FTIR spectroscopy results are supported by the DSC 
results which showed the poly(dimer acid-co-l ,6-hexanediol-co-adipic acid) 
material formed less well ordered domains as illustrated by the presence of 
two endotherms, one, attributed to a less well ordered domain structure, at 
66°C, and a second, attributed to a better organised domain structure, at 
140°C. The DSC results of the poly(dimer acid-co-ethylene glycol) material 
show one large endotherm at 164°C with a slight shoulder at 183°C. This 
endotherm was the highest temperature event observed in this series of 
materials and suggests a very well ordered structure within the hard segment 
domains. 
The DSC results for the two poly(2-methyl-l ,3-propylene) materials showed 
significant variation. As would be predicted, the glass transition temperature 
for the 1000 soft segment average molecular weight material was higher than 
that of the 2000 soft segment average molecular weight material. The poly(2-
methyl-l ,3-propylene) materials do not process many attributes that make 
them appear likely to form well ordered phase separated domains. The 
structure of poly(2-methyl-l ,3-propylene) processes a high concentration of 
carbonyl groups which means the mismatch in cohesive energy density 
between the hard and soft segment will be low resul ting in a reduced 
thermodynamic driving force for phase separation. The short length of 
backbone between the carbonyl groups and the presence of the pendant 
methyl group may provide some increase in the tendency to phase separate 
as the steric factors and reduced flexibility may mean that inter-soft segment 
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hydrogen bonding is less likely to occur. The DSe results supported the 
perception that the poly(2-methyl-1 ,3-propylene) materials would form 
disordered structures. The 1000 soft segment average molecular weight 
material had four endotherms at 54, 111, 124 and a very small feature at 
13Soe . This suggests that the hard segments are adopting several 
conformations within a series of domains in varying degrees of disorder. The 
largest of the endothermic features occur at the lower temperatures 
suggesting the majority of the domains are in a lower state of order. The 
2000 average soft segment molecular weight material shows a solitary 
endothermic feature at 70oe . This confirmed the FTIR spectroscopy results, 
which also suggested very little by way of well ordered hard segment domain 
structure. 
-PoIybuladlene 
- Poty(I .2-butyl8ne) 
- PoIy(l . 4·bu~ adlpale) 
- Pot)'(poly!;911.n)dlot~.n CarbOMl.' 
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"" 
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Temp,,,,!,,,,. ·c 
Figure 4.10. DSC results of non-PTMG materials. 
The structural differences between poly(1,4-butylene adipate) and poly(1,4-
butylene)glutarate are small and this was reflected in the similarity of their 
FTIR spectroscopy analyses. The DSe results of these two materials were , 
however, very different. The glass transition temperature of the less flexib le 
poly(1 ,4-butylene)glutarate was slightly lower than that observed for the 
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poly(1,4-butylene adipate) material. The DSC trace for the poly(1,4-
butylene)glutarate material showed two very clear endothermic features, one 
at 53°C and a second at 101 °C. Both of these features were very broad and 
could in fact be considered to be one broad endotherm with peaks at the two 
temperatures mentioned. These results indicated that phase separation had 
occurred and that the hard segment domains had varying degrees of order. 
The temperature at which the endothermic feature(s) is/are observed 
indicates that no domains with a high degree of order are formed. The DSC 
trace for the poly(1 ,4-butylene adipate) material showed only very shallow 
endotherms at 66°C and 110°C. These shallow features are attributable to 
hard segment melting events associated with poorly ordered domains. These 
observations are consistent with the FTIR spectroscopy results which also 
suggested better ordered domains were likely to occur in the poly(1,4-
butylene )glutarate material . 
As was stated in the FTIR spectroscopy results section the structure of 
poly(polytetrahydrofuran carbonate) means it may have been formed by the 
linking of two PTMG, 1000 average molecular weight, molecules. This 
structure , with only one ester group on the soft segment backbone yields a 
material that, as would be expected, is similar to the PTMG materials 
previously discussed. The poly(polytetrahydrofuran carbonate) material had a 
glass transition temperature slightly lower than that observed for PTMG 1000. 
This was consistent with the structure proposed above. The addition of the 
ester linkage on the soft segment backbone results in a structure where the 
two lengths of PTMG which are divided by the ester almost act independently. 
This arrangement is the cause of the relatively high glass transition 
temperature when comparing the poly(polytetrahydrofuran carbonate) 
material with PTMG 2000. Two endotherms were observed in the DSC trace 
of this material. A shallow feature was seen at 67°C, whilst a larger, sharper 
endotherm was observed at 149°C. As for several other materials in this 
series, these endotherms are consistent with hard segment melting events of 
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domains with varying degrees of order. The 149°C endotherm suggests a 
well ordered domain structure. 
The large pendant groups on the soft segment backbone of the poly(1,2-
butyl en e) material and the ether rather than ester linkages make this material 
unlikely to have any significant inter-soft segment interactions that will 
compete with the inter-hard segment hydrogen bonding. When this material 
was analysed via FTIR spectroscopy it had the lowest inter-urethane 
hydrogen-bonded carbonyl absorption maximum value for this series of 
elastomers. This result suggested that the hydrogen bonding interactions in 
this material were the strongest. This is not supported by the DSC results. 
The DSC results showed a large endotherm at 62°C and a small endothermic 
event at 152°C. These results indicate that a small fraction of the domains in 
this material are well ordered, but the majority of the hard segment domains 
are poorly ordered. 
The polybutadiene material has the largest thermodynamic driving force for 
phase separation to occur in this series of materials. The FTIR spectroscopy 
study for this material showed that relatively few of the hydrogen bonding 
groups were interacting. Two endotherms were observed at B7°C and 149°C. 
The DSC data showed two distinct domain environments are present. As with 
many of the other materials in this series, this may be due to the order within 
these domains. The more ordered the domain the higher temperature the 
endotherm associated with it is observed at. Materials containing 
polybutadiene soft segments are frequently found(230, 231. 256) to possess more 
than one feature attributable to a hard segment melting event. The 
polybutadiene soft segment and hard segment are so incompatible that the 
reaction proceeds in a manner which results in a wide variety of hard segment 
lengths being formed . This results in a disperse range of segment sizes and 
a reduction in the likelihood of interaction due to spatial factors. It is possible 
that this phenomenon is being observed here. This would mean that the two 
endotherms are due to distinct crystalline conformations and are not indicative 
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simply of relative order or disorder, but of hard segment length. This may 
exp lain why the lower temperature hard segment melting event for the 
polybutadiene occurs at a substantially higher temperature than is observed 
for any other material possessing two endotherms. This could also be 
expressed in the following manner: the polybutadiene material is so 
thermodynamically incompatible with the hard segment that almost total 
phase separation occurs. This phase separation is so thorough that the 
probability of order within hard segments increases, due to the increased 
number of possible encounters, so the domains are all more ordered than 
observed for other materials. Alternatively, the disordered domains in the 
polybutadiene material are ordered relative to the disordered domains in other 
materials. This process is also aided by the incompatibility of the materials 
slowing the rate of reaction giving an increased gel time , and, therefore, more 
time for the system to order itself. 
4.3.4 Modulated-temperature Differential Scanning Calorimetry 
The M-TDSC analyses of the majority of the materials in th is series did not 
show any significant variance from the results obtained via conventional DSC 
analyses. 
All of the materials showed endotherms in the non-reversing heat flow at the 
same temperatures that they displayed endothermic features in the heat flow. 
The M-TDSC trace for the 1250 average molecular weight polycaprolactone 
soft segment material has been included as an example (Figure 4.11) . The 
appearance of the endotherm in both the heat flow and non-reversing heat 
flow indicates that these events were subject to kinetic control. This is 
consistent with their assignment as hard segment melting events. Small 
coincident features were observed in the reversible heat flow indicating that 
some re-crystallisation was occurring on a time scale measurable with this 
technique. 
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As was observed for the previous series of materials, the endotherms 
designated as soft segment melting appear in both the reversing and non-
reversing heat flow. The trace for polyester 1412 is shown (Figure 4.12) to 
illustrate this phenomenon. 
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Figure 4.11. M-TOSe of the polycaprolactone 217 material. 
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The only significant variance between the DSC and M-TOSe resu lts was 
observed for the material synthesised with poly(dimer acid-co-1 .6-hexanediol-
co-adipic acid) as the soft segment (Figure 4.13). 
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Figure 4.13. M-TOSe of the poly(dimer acid-co-1,6-hexanediol-co-adipic 
acid), hydrogenated material. 
The M-TOSe trace for this material showed a small endotherm in the heat 
flow and non-reversing heat flow that was not observed via conventional DSC 
at SoC. This endotherm was also observed as a clear feature in the reversible 
heat flow, and, therefore, based on the data from other materials in the study, 
was attributed to soft segment crystallinity. This argument was supported by 
the presence of a small exotherm at sub-ambient temperature which was 
attributed to limited crystallisation of the soft segment. The conventional DSC 
had been run before the M-TOSe was performed. Therefore. both the 
conventional analyses and M-TOSe analyses were both carried out again to 
ensure that the endotherm was not due to an ageing effect. Both DSC and M-
TOSe results were reproducible. The endotherm was small and it is. 
therefore, likely that the high ram ping rate of the conventional analysis means 
it is not observed. A small step was seen in the conventional DSC 
measurement at the appropriate temperature , but it was so smal l it would not 
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usually be considered to be a significant feature. Consideration of the data 
avai lable suggests that there is a small fraction of higher molecular weight 
material in the molecular weight distribution of the poly(dimer aCid-co-1,6-
hexanediol-co-adipic acid) that results in a small amount of soft segment 
crystallinity. 
4.3.5 Dynamic Mechanical Thermal Analyses 
The materials all displayed peaks in the value of tan 8 and simultaneous falls 
in the value of log E' indicative of the T 9 of the soft segment(137). Some of the 
materials in this series also displayed increases in the value of tan 8 and 
simultaneous decreases in the value of log E' at higher temperatures. The 
temperatu res at which these changes occurred were coincident with 
endotherms observed in the DSC and M-TDSC analyses. These features 
were, therefore, considered to be due to the melting of phase separated hard 
segment domains and were designated T m. Those materials where the tan 
delta curve indicated the material had softened in the DMTA clamps, possibly 
resulting in the stretching or slipping of the sample, are denoted in the T m 
column of the results table with the symbol (M) and the temperature at which 
the softening commenced. 
The DMTA results of this series of materials are summarised in table 4.9 and 
shown in figures 4.14 - 4.19. 
The FTIR spectroscopy, DSC and M-TDSC results of the materials produced 
from polyester 1381 and polyester 1412 showed that the elastomer 
synthesised with polyester 1381 was less phase separated and had less well 
ordered domains than the polyester 1412 analogue. The DMTA results of 
these materials reinforced this opinion. Th is dynamic analysis technique 
shows the glass transition temperature of the polyester 1381 material was 
substantially higher than that observed for the polyester 1412 material. Whilst 
some of this difference in T 9 can be attributed to structural differences 
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between the soft segments, a portion of it may be due to increased levels of 
component mixing in the polyester 1381 material. The tan delta peaks for 
both materials were comparatively low and broad perhaps indicating little 
amorphous material was present in the elastomers. 
Soft Segment T g /(±2.0°C) T m /(±2.0°C) 
Polyester 1381 (2000) -7 (M) 52 , 150 
Polyester 1412 (2000) -18 (M) 50, 152 
Polybutadiene (2000) -18 76, (M) 138 
Polycaprolactone (1250) -10 (M) 111 , 50,156 
Polycaprolactone (2000) -26 (M) 61 , 157 
Poly(dimer acid-co-
-19 (M) 149 
ethylene glycol) 
Poly( dimer acid-co-1 ,6-
-21 (M) 60 hexanediol-co-adipic 
acid) 
Poly(2-methyl-1,3- 6 (M) 57 
propylene) (1000) 
Poly(2-methyl-1 ,3-
-16 (M) 22 
propylene) (2000) 
Poly(1 ,2-butylene) 
-21 (M) 63 (2000) 
Poly(1,4-butylene 0 (M) 63 
adipate) 
Poly(polytetrahydrofuran 
-26 (M) 50 
carbonate) 
Poly(1,4-
butylene )glutarate -13 (M) 51 
Table 4.9. DMTA data of the non - PTMG soft segment materials. 
80th of these materials showed small increases in tan delta in the 50°C 
region . These increases in tan delta were found to occur simultaneously with 
rapid and substantial decreases in modulus. These simultaneous decreases 
in modulus and increases in tan delta are often considered to be indicative of 
hard segment domain disruption. For th is pair of materials, it is likely that the 
substantial fall in modulus can be explained by the soft segment melting 
phenomena observed via DSC. The initial modulus values of the polyester 
121 
Chapter 4 T he Influence of [t.w·Diol Soft Segment Variation 
1381 materials were substantially higher than those of the polyester 1412 
material. This is due to the differences in soft segment structure. The drop in 
modulus at 50°C was greatest for the polyester 1412 material. This could 
confirm that the properties of this material are not significantly influenced by 
the small amount of crystalline hard segment present. The morphology and 
physical characteristics of the materials are dominated by the soft segment 
crystallinity. Although the modulus curves for both materials indicated that 
the majority of the hard segments in these materials are in poorly ordered 
domains, they do show small features at higher temperatures which may 
indicate a small percentage of well ordered hard segment reg ions. This 
would be in agreement with the previously presented thermal analysis results. 
The increase in modulus observed for the polyester 1412 material above 50°C 
was considered to be an artefact of the material moving in the clamps. 
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Figure 4. 14. DMTA data ofthe polyester/polycaprolactone soft segment 
materials. 
The DMT A results of the polycaprolactone soft segment materials were 
broadly in agreement with the results of the analyses of these materials 
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previously presented. The tan delta curves of both materials showed sharp 
peaks at -10oe and -26°e for the polycaprolactone 217 and polycaprolactone 
226 materials, respectively. Both showed small features in their modulus 
curves in the 50-70oe temperature range. This decrease in modulus was 
accompanied by an increase in tan delta for the polycaprolactone 226 
material, but not in the elastomer synthesised with the polycaprolactone 217 
soft segment. These changes in modulus in this temperature range have 
been attributed to the melting of poorly ordered hard segments. As the 
temperature is increased, the kinetic energy of the molecules within the 
system increases. This increase in molecular mobility results in the disruption 
of hard segments and a corresponding diminishing in their reinforcing 
influence. As this reinforcing benefit is reduced by the dissolution of the 
phase separated domain morphology, the modulus is reduced . 
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Figure 4.15. OMTA modulus data of the polyester/polycaprolactone soft 
segment materials. 
The tan delta curve of the polycaprolactone 217 material did not increase until 
a substantially higher temperature, 1 00-130oe, and no substantial decrease in 
modulus was seen until approximately 1500 e when a sharp feature was 
observed in both curves. A small feature was also observed in the results 
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curves of the polycaprolactone 226 material. These features have been 
attributed to the melting of well ordered hard segment domains. 
As stated in the DSC analysis, both the poly(dimer acid-co-ethylene glycol) 
and poly(dimer acid-co-1 ,6-hexanediol-co-adipic acid) materials have very 
large, bulky repeat units. The FTIR spectroscopy and DSC results which 
showed the poly(dimer acid-co-1,6-hexanediol-co-adipic acid) material formed 
less well ordered domains are supported by the DMTA data. The DSC results 
of the poly(dimer acid-co-ethylene glycol) material showed one large 
endotherm at 164°C with a slight shoulder at 183°C suggesting a very well 
ordered structure within the hard segment domains. As observed for several 
other materials in this series, the poly(dimer acid-co-1,6-hexanediol-co-adipic 
acid) material showed signs of relatively disordered hard segments melting in 
the 50-70°C temperature range. No such features were observed for the 
poly(dimer acid-co-ethylene glycol) material. The poly(dimer acid-co-ethylene 
glycol) material did not show any indication of possible hard segment melting 
until 149°C when a characteristic increase in tan delta and decrease in 
modulus is observed. The drop in modulus as temperature increases is 
substantially less for the elastomer synthesised employing the poly(dimer 
acid-co-ethylene glycol) soft segment. This is indicative of a superior level of 
thermal stability in this material. The broader glass transition of the 
poly(dimer acid-co-ethylene glycol) elastomer is evident in both the tan delta 
and modulus curves. The nature of the glass transition in this material may 
be attributed to a reduction in the mobility of the bulky soft segment due to the 
binding effect of the large, well ordered hard segment domains. 
The DMT A results of the two poly(2-methyl-1,3-propylene) materials did not 
show significant variation in terms of their general properties. As would be 
predicted the glass transition temperature for the 1000 soft segment average 
molecular weight material was higher than that of the 2000 soft segment 
average molecular weight material. Both the FTIR spectroscopy and DSC 
studies of these materials showed they contained only disordered hard 
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segment domains. This proposal is supported by their DMTA results. Neither 
the 1000 nor 2000 average soft segment molecular weight materials showed 
any features which were indicative of a material with a well defined phase 
separated domain morphology. The lower average soft segment molecular 
weight material showed better thermal stability than its higher molecular 
weight analogue, softening at 57°e as opposed to 22°e . 
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Figure 4.16. DMTA data of the polyester soft segment materials. 
As previously stated, the structural differences between poly(1,4-butylene 
adipate) and poly(1,4-butylene)glutarate are small. The glass transition 
temperature of the less flexible poly(1 ,4-butylene)glutarate was slightly lower 
than that observed for the poly(1,4-butylene adipate) material. The DSe 
analyses of these materials showed both elastomers possessed disordered 
hard segment domains. The DMTA analyses of these mate rials support this 
conclusion. Both of these elastomers showed decreases in modulus and 
simultaneous increases in tan delta in the 50-70oe temperature range. As 
with other materials in this series, these features can be assigned as 
disordered hard segment melting events. Neither material shows any 
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features which could be interpreted as indications of highly ordered hard 
segment domains being present. 
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Figure 4.17. OMTA modulus data of the polyester soft segment materials. 
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Figure 4.18. OMTA data of non-PTMG soft segment materials. 
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As was stated in the FTIR spectroscopy and DSC results sections of this 
thesis, the structure of poly(polytetrahydrofuran carbonate) means it may have 
been formed by the linking of two PTMG 1000 average molecular weight 
molecules. The DMTA results of the poly(polytetrahydrofuran carbonate) soft 
segment material showed significant differences when compared to the 
DMT A results of the PTMG 1000 material. This is in contrast to the DSC 
results which were considered to demonstrate a clear relationship. The 
presence of the ester linkage appears to have a profound influence on the 
properties of the elastomer when it is analysed via this dynamic technique. 
This elastomer does not show any characteristics which can be assigned as 
hard segment melting events of even poorly ordered domains. The elastomer 
softens and moves in the DMTA clamps at approximately 50°C. This differs 
significantly from the PTMG materials with which it had previously been 
compared. 
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Figure 4.19. DMTA modulus data of non-PTMG soft segment materials. 
The DMTA results of the poly(1 ,2-butylene) soft segment elastomer confirmed 
those of the DSC analysis. Although the FTIR results suggested that this 
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elastomer would possess a well defined, well ordered domain morphology, 
this conjecture is not supported by the thermal analysis results. Although a 
feature was observed in the modulus curve of this material in the 50-70oe 
temperatu re range, it is not felt that this can be attributed to a morphological 
change in the material as the tan delta curve shows that the sample was 
moving in the clamps a significant amount, and, therefore, any apparent 
change in modulus may be due to th is slippage. Attempts were made to alter 
the clamping arrangement and re-run the test but these were not considered 
successful. 
The material which employed a,w-diol terminated polybutadiene as the soft 
segment showed a decrease in its modulus curve accompanied by a 
simultaneous increase in tan delta in the 75-100oe temperature range. The 
changes in modulus in this temperature range may be attributed to the 
melting of less well ordered hard segments or, as was discussed in the DSe 
results section, the presence of distinct crystall ine formations. This change in 
modulus occurred at a higher temperature than was observed for many of the 
materials in this series. Typically, the elastomers analysed here displayed 
similar phenomena in the 50-70oe temperature range. The increase in 
temperature at which the melting event is observed is consistent with the 
results presented in the DSe study. 
The results of the DMTA analysis of this series of materials are generally 
consistent wi th the resu lts of the FTIR spectroscopy and other thermal 
analyses performed here. 
4.3.6 Wide Angle X-Ray Scattering 
The results of the WAXS studies performed on this range of materials yie lded 
results that, with three exceptions, showed little if any variation . 
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The main feature observed for the majority of the materials was a diffuse 
scattering peak with a maximum intensity at a value of 28 of approximately 
20°. This type of large diffuse scattering peak can be attributed to scattering 
from an amorphous arrangement of chain segments(140). All of the curves are 
not re-produced here as no comment is made on many of them since they do 
not distinguish any difference in morphology between the materials . The 
curves of the 2000 average molecular weight polycaprolactone and 
poly(polytetrahydrofuran carbonate) materials are re-produced in figure 4.20 
to illustrate how two materials, which revealed different morphologies when 
analysed via other techniques in this study, appear very similar when 
analysed via WAXS. 
Angle 
Figure 4.20. WAXS results of polycaprolactone 226 and 
poly(polytetrahydrofuran carbonate}. 
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Figure 4.21. WAXS results of 1 and 2 shot polybutadiene materials. 
The first exception to the general trend in this series of materials is found 
when the polybutadiene material is analysed. The main feature observed for 
the polybutadiene material was a diffuse scattering peak with a maximum 
intensity at a value of 20 of approximately 18"- This lower value of 20 could 
be interpreted as the average repeat distance in the polybutadiene material 
being slightly longer than is observed for the other polymers in this series. 
This could be attributed to a reduced level of component mixing in the 
polybutadiene material when compared to the other materials. This would be 
consistent with the results presented earlier in this chapter obtained via other 
techniques, the thermodynamic factors and observation of the material both in 
its cured state and whilst reacting . The usefulness of WAXS analysis as a 
technique for the examination of materials with domains of the size believed 
to be formed in this type of polyurethane elastomer is open to question . Other 
studies(234) have found it to be a useful technique and found signs of ordered 
domain morphologies. In this study, materials with very different 
morphologies show no apparent differences. This opinion is supported by the 
analysis of materials produced using the same constituents, but in a one-shot 
reaction scheme. 
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A selection of the materials reviewed here were also produced via the 'one 
shot' reaction scheme and then analysed via WAXS and thermal techniques. 
The thermal techniques showed distinct differences between the one and two 
shot materials but the WAXS technique was not able to differentiate between 
them. The WAXS results of the polybutadiene materials are included as an 
example (Figure 4.21) . The results of the analysis of the one-shot materials 
helps to demonstrate that the absence of signs of phase separation in the 
WAXS analysis is in no way indicative of the material morphology, but rather 
an indication of the resolution of the technique . 
o , 10 15 20 25 30 35 
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Figure 4.22. WAXS results of polyester 1381 and 1412 materials. 
The WAXS results of the polyester 1381 and 1412 soft segment materials are 
significantly different from the others analysed. Both show two very sharp 
peaks (Figure 4.22) . The larger of these two sharp peaks is partially 
superimposed over the amorphous scatting peak that was observed for all of 
the other materials in this series. If it were not obscured, this amorphous 
scattering peak would have an approximate value of 20 of 20°. The 
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amorphous scattering peaks for both polyester materials would be of much 
lower intensity than the sharp peak that has swamped it. 
The two sharp scattering peaks observed for these materials were most likely 
both due to order within the soft segment phase. This secondary peak has an 
approximate 20 value of 22°. This 20 value corresponds to a repeat distance 
of approximately 0.40 nm and may be attributable to order within the hard 
segment. 
4.3.7 Tensile Testing 
The results of the tensile testing analyses performed on this series of 
materials, produced with various soft segments and constant hard segment, 
are summarised in table 4.10. 
Due to the number and breadth of polyols covered in this series, they will , for 
clarity, be considered in the same small groups or pairs as they were 
presented in the previous sections. The tensile data for this series of 
materials is unlikely to provide significant new information from which to 
comment on the influence of structural and thermodynamic factors as the 
tensile properties will be dominated by the individual soft segments. The 
domination of the properties by the soft segment means no absolute 
statement can be made on the improved tensile performance of these 
elastomers due to their morphology. The other series of materials in this 
thesis do allow a more literal interpretation of the reinforcing benefits of the 
phase morphology as the soft segment remains unchanged. 
The combined DSC and FTIR spectroscopy results for polyesters 1381 and 
1412 suggested that the material containing polyester 1381 generally forms 
weaker, less well ordered, domains than material 1412, but does contain a 
small fraction of well ordered structures. The tensile test data can be 
interpreted to support this position. The ultimate tensile strength is higher for 
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the elastomer produced from polyester 1381 , while the elongation at break 
and the 1 ~O, 200 and 300% moduli are all higher for the material produced 
from polyester 1412. However, it is more likely that the tensile results are 
dominated by the influence of the respective soft segments. 
The tensile results of for the two polycaprolactones, 217 and 226, showed 
significant variation. The elastomer produced from the lower average 
molecular weight polycaprolactone 217 has superior tensile properties to the 
higher average molecular weight polycaprolactone, 226, in every field with the 
exception of elongation at break. These two materials have the same repeat 
unit and the ratios of reactants are constant in all the materials in this study. 
The only significant variation in these materials , due to the difference in 
average soft segment molecular weight, is the hard segment content. The 
hard segment content is higher in the polycaprolactone 217 material , which 
the thermal analysis suggests has large, but relatively disordered, hard 
segment domains. The thermal analysis indicates that the polycaprolactone 
226 material has much smaller, but better organised, hard segment domains; 
although the FTIR spectroscopy showed the average strength of the inter-
hard segment hydrogen bonds in these materials was the same. The sum of 
the results suggests that the hard segment domain structure is having a more 
significant impact on the tensile properties of the lower molecular weight 
polycaprolactone. 
Both the poly(dimer acid-co-ethylene glycol) and poly(dimer acid-co-1,6-
hexanediol-co-adipic acid) materials have comparatively high ultimate tensile 
strength values. The ultimate tensile strength values for the two materials 
were very similar. However, the elongation at break, 100, 200 and 300% 
moduli values were very different. As previously discussed, the structure of 
the poly(dimer acid-co-ethylene glycol) material may be slightly stiffer due to 
the absence of the (CH2)4 groups found in the poly(dimer acid-co-1 ,6-
hexanediol-co-adipic acid) material . This is reflected in the higher modulus 
and ultimate tensile strength values for the poly(dimer acid-co-ethylene glycol) 
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material . The higher soft segment average molecular weight, more flexible 
poly(dimer acid-co-ethylene glycol) material has a much higher elongation at 
break. 
The tensile results for the two poly(2-methyl-1 ,3-propylene) materials are 
re latively low for polyurethanes with a polyester soft segment. This was 
expected as the structural features, such as the pendant groups(216), which 
stopped them forming well ordered phase separated domains will also reduce 
the chance of reinforcement through soft segment crystallinity or strain 
hardening. This confirms the FTIR spectroscopy results which also suggested 
very little by way of a well ordered hard segment domain structure. As would 
be predicted, the higher soft segment average molecular weight material has 
a superior value of elongation at break. 
The structural differences between poly(1,4-butylene adipate) and poly(1,4-
butylene)glutarate are small, but their tensile results differ by a significant 
margin. Whilst the FTIR spectroscopy and DSC results suggest the poly(1,4-
butylene)glutarate material has the more ordered hard segment domains the 
tensile results showed that other than for 100% modulus the poly(1 ,4-butylene 
adipate) material is superior in the case of ultimate tensile strength by a factor 
of three. 
As was discussed previously, the thermal analyses and FTIR spectroscopy 
results of the poly(polytetrahydrofuran carbonate) elastomer all suggested a 
well ordered domain structure. The most useful comparison that can be 
made for the tensile results of the poly(polytetrahydrofuran carbonate) 
elastomer are with the PTMG (1000) and PTMG (2000) elastomers. Although 
the results for al l of the analysis metrics were of the same order as those of 
the PTMG materials, when compared the poly(polytetrahydrofuran carbonate) 
materials the results show significant variation. The addition of the single 
ester link in the middle of the soft segment backbone may have been 
expected to yield a material that ei ther behaved as if the backbone were two 
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separate 1000 average molecular weight chains or a single 2000 average 
molecular weight chain . Either of these eventualities would result in a 
material directly comparable to a PTMG analogue from section 4.2. Neither 
of these possibilities is reflected in the tensile results. The ultimate tensile 
strength and moduli values were lower than those for the PTMG (1000) and 
PTMG (2000) materials . The elongation at break value was much higher for 
the poly(polytetrahydrofuran carbonate) material. These results suggest that 
the presence of the single ester link in the soft segment backbone is 
significantly more disruptive than the results of the previous analysis 
techniques suggested. 
The tensile results for the elastomer manufactured with the poly(1 ,2-butylene) 
soft segment are the lowest by all of the comparison metrics with the 
exception of elongation at break. The poor tensile results could be predicted 
from the DSC results. The DSC results show a large endotherm at 62°C and 
a small endothermic event at 152°C. These results indicate that a small 
fraction of the domains in this material are well ordered, but the majority of the 
hard segment domains are poorly ordered. This lack of reinforcement 
combined with the large pendent groups on the soft segment backbone made 
it unlikely that the tensile results would be high. 
The tensile results of the polybutadiene soft segment material were also low. 
These results imply that although the material has phase separated and 
formed domains, with a degree of order, the domain morphology is not giving 
significant reinforcement. This analysis is confirmed by the thermal analyses 
and FTIR spectroscopy results, which suggested a well phase separated 
material with an unexceptional degree of order in the hard segment phase. 
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Soft Segment Ultimate Tensile Elongation at 100% Modulus 200% Modulus 300% Modulus Strength Break IMPa IMPa IMPa 
IMPa 1% 
Polyester 1381 2000 38 480 5.5 2.9 2.9 
Polyester 1412 2000 36 530 5.9 3.1 3.2 
Polybutadiene 2000) 10 450 3.4 2.6 2.3 
Polycaprolactone (1250) 37 420 4.6 3.4 3.6 
Polycaprolactone (2000) 30 490 2.4 1.6 1.6 
Poly(dimer acid-co-ethylene 30 400 8.8 6.6 6.9 glycol) (1000) 
Poly(dimer acid-co-1,6-
hexanediol-co-adipic acid) 28 700 3.2 2.1 1.8 
(2000) 
Poly(2-methyl-1,3-propylene) 12 480 5.3 3.5 2.9 (1000) 
Poly(2-methyl-1,3-propylene) 16 470 6.7 4.2 3.4 (2000) 
Poly (1,2-butylene) (2000) 3 600 0.7 0.7 0.7 
Poly(1 ,4-butylene adipate) 19 520 4.5 3.0 2.8 
Poly(polytetrahydrofuran 23 740 3.6 2.3 2.0 
carbonate) 
Poly(1,4-butylene)glutarate 7 450 5.3 2.9 2.1 
Table 4.10. TensIle results of the non PTMG soft segment polyurethane elastomers. 
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4.3.8 Cohesive Energy Density 
The cohesive energy densities for this series of PTMG soft segment, 1,4-
butanediol/MOI hard segment materials are presented in table 4.12. All 
calculations were performed as described in section 3.4.7. The cohesive 
energy density calculations for the materials in this section give a wide range 
of incompatibilities between the hard and soft segments. Table 4.11 shows a 
summary of the materials and the cohesive energy density mis-match 
between the hard and soft segments. The table is arranged with the largest 
cohesive energy density mis-match between the hard and soft segments at 
the top and smallest mismatch last. 
Material Hard/Soft Segment CEO 
mismatch J/cm-3 
MOl: 1,4-butanediol : Polybutadiene 289.5 (2000) 
MOl: 1 ,4-butanediol : Poly(1 ,2-butylene) 264.3 (2000) . 
MOl: 1 ,4-butanediol : Poly(dimer acid- 254.5 
co-ethylene glycol) (1 000) 
MDI : 1,4-butanediol : 
Poly(polytetrahydrofuran carbonate) 249.1 
(2000) 
MOl: 1,4-butanediol : Poly(dimer acid- 240.7 
co-1 ,6-hexanediol-co-adipic acid) (2000) 
MOl: 1,4-butanediol : Polyester 1412 215.5 (2000) 
MOl: 1,4-butanediol : Polycaprolactone 200.5 (1250) 
MOl: 1 ,4-butanediol : Polycaprolactone 200.5 (2000) 
MOl: 1,4-butanediol : Poly(1,4-butylene 
adipate) (2000i 180.4 
MOl: 1,4-butanediol : Polyester 1381 180.2 (2000) 
MOl: 1,4-butanediol : Poly(2-methyl-1 ,3- 169.8 propylene) (1000) 
MOl: 1 ,4-butanediol : Poly(2-methyl-1 ,3- 169.8 propylene) (2000) 
MOl: 1 ,4-butanediol : Poly(1,4- 167.1 butylene)glutarate (2000) 
Table 4.11. CED hard/soft segment mismatch values arranged sequentJal/y. 
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If the cohesive energy density mis-match was the most significant factor in 
determining the phase morphology of these polyurethane elastomers the 
results from the other analyses should show the materials following the order, 
in terms of degree of phase separation, set out in table 4.11_ 
The polybutadiene and poly(1,2-butylene) elastomers were the materials with 
the largest hard/soft segment mismatches. This is consistent with the 
observations made whilst synthesising these materials. Both were slow to 
react and formed white elastomers suggesting the extreme incompatibility of 
the components and a high degree of phase separation in the final elastomer. 
The next group of materials are the poly(dimer acid-co-ethylene glycol), 
poly(polytetrahydrofuran carbonate) and poly(dimer acid-co-1,6-hexanediol-
co-adipic acid) elastomers. These materials all have relatively low 
concentrations of groups with high cohesive energy density, such as esters, 
on their backbone. The results of the thermal analyses on these materials 
suggested a phase separated morphology as all had endotherms at high 
temperatures. The temperatures at which the endotherms for each of the 
materials occurs decreases as the cohesive energy density mismatch 
decreases. This implies that the degree of order within the hard segment 
domains decreases as the hard and soft segments become more compatible. 
The third group of materials comprises the elastomers synthesised from 
polyester 1412, the polycaprolactones, poly(1,4-butylene adipate) and 
polyester 1381. The polyester 1412 and polycaprolactone materials all have 
relatively low inter-urethane hydrogen-bonded carbonyl absorption maxima 
and high values of X, suggesting well defined domain morphologies. The 
FTIR spectroscopy data is corroborated by the thermal analysis data which 
shows high temperature events for all of these materials. 
Although the materials synthesised from poly(1,4-butylene adipate) and 
polyester 1381 have almost identical CED values and structures the resulting 
138 
Chapter 4 The Influence of a,ro-Diol Soft Segment Variation 
elastomers are very different. The FTIR spectroscopy results for the two 
materials are similar and based on these data, the structures of the soft 
segments and the results of the CED calculations a similar morphology might 
be predicted. However, all of the thermal analyses techniques employed 
clearly show the two materials have very different morphologies. The 
properties of the elastomer produced from polyester 1381 are dominated by 
the soft segment crystallinity. This pair of materials perhaps best 
demonstrates the limitations of calculating the CED mismatch and employing 
the results to predict material properties. 
The final group of materials comprises the two poly(2-methyl-1,3-propylene) 
and poly(1.4-butylene)glutarate elastomers. These three materials, which 
would, in relative terms, be considered to be compatible with the hard 
segment, were all opaque, as opposed to most materials at the opposite end 
of the scale which were white. This lack of any colouration may be interpreted 
as an indication of a lack of formation of large hard segment domains. This 
would be expected if the CED mismatch is the driving force for phase 
separation. It is also interesting to note the qualitative reduction in gel time for 
the poly(2-methyl-1,3-propylene) materials when compared to those with a 
higher CED mismatch. 
The cohesive energy density calculations for this series of materials appear to 
predict accurately the level of phase separation within these systems. 
However, although the cohesive energy density calculation appears to predict 
accurately the level of thermodynamic drive for phase separation, it does not 
give any indication of the form the hard and soft segment domains will adopt. 
This is due to other factors which will have a more significant influence on the 
form of the domains. These factors include, hard segment content(128-132, 255), 
soft segment molecular weight(2) and in some systems geometry(234), 
symmetry(234), polar groups(234) and steric factors(234). 
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Material Diisocyanate Chain Soft Hard Hard/Soft 
(All materials were of stoichiometry 2.1:1:1, two shot and cured at CED Extender Segment Segment Segment 
80°C as described in Chapter 3) J/cm·3 CED CED CED CED 
(polyol avg. mol weight given in brackets) J/cm·3 J/cm·3 J/cm-3 Mismatch 
J/cm·3 
MOl: 1,4-butanediol : Polyester 1381 (2000) 351.8 274.9 410.0 590.3 180.2 
MOl: 1,4-butanediol : Polyester 1412 (2000) 351.8 274.9 374.8 590.3 215.5 
MOl: 1,4-butanediol : Polybutadiene (2000) 351.8 274.9 300.8 590.3 289.5 
MOl: 1,4-butanediol : Polycaprolactone (1250) 351.8 274.9 389.8 590.3 200.5 
MOl: 1,4-butanediol : Polycaprolactone (2000) 351.8 274.9 389.8 590.3 200.5 
MOl: 1,4-butanediol : Poly(dimer acid-co-ethylene glycol) 351.8 274.9 335.8 590.3 254.5 
MOl: 1,4-butanediol : Poly(dimer acid-co-1 ,6-hexanediol-co- 351.8 274.9 349.6 590.3 240.7 
adipic acid) 
MOl: 1,4-butanediol: Poly(2-methyl-1,3-propylene) (1000) 351.8 274.9 420.5 590.3 169.8 
MOl: 1,4-butanediol : Poly(2-methyl-1,3-propylene) (2000) 351.8 274.9 420.5 590.3 169.8 
MOl: 1,4-butanediol : Poly 1 ,2-butylene (2000) 351.8 274.9 326.0 590.3 264.3 
MOl: 1,4-butanediol : Poly(1 ,4-butylene adipate) 351.8 274.9 410.0 590.3 180.4 
MOl: 1,4-butanediol : Poly(polytetrahydrofuran carbonate) 351.8· 274.9 341.2 590.3 249.1 
MOl: 1 ,4-butanediol : Poly(1 ,4-butylene)glutarate 351.8 274.9 423.1 590.3 167.1 
Table 4.12. CohesIVe energy density calculation results of the non-PTMG soft segment polyurethane elastomers. 
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For this particular series of materials, as with the PTMG materials presented 
earlier in this chapter, the results suggest that the degree of phase separation 
can be predicted, but not the reinforcing benefit which may result from well 
ordered crystalline hard segments. These results imply that whilst the use of 
CED calculations enables the prediction of those systems which are likely to 
phase separate, a thorough understanding of the other factors which also 
have an influence on morphology is required if useful predictions regarding 
material properties are to be made. 
4.4 Conclusions 
The structure of the soft segment and the average soft segment molecular 
weight were found to have a profound influence on the phase morphology of 
the elastomers produced from them. All of the materials synthesised gave 
test results which suggested they were phase separated to a greater or lesser 
degree. 
The properties of the elastomers synthesised were dominated by their soft 
segments. The only possible exception to this statement was the PTMG 250 
average soft segment molecular weight material. This material's 
exceptionally high hard segment content, 71 % by mass, was the dominant 
factor in determining the elastomers properties. 
The cohesive energy density mismatch between the hard and soft segments 
in the PTMG materials was identical. Therefore, all of these materials 
possessed the same thermodynamic drive for phase separation to occur. 
Although the degree of phase separation in the PTMG series of materials was 
very similar and appeared to be independent of hard segment content or the 
presence of soft segment crystallinity, all of the data sets indicated that the 
strength of the interactions within the hard segments and possibly the size of 
the hard segment domains varied throughout the series. 
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Where large scale soft segment crystallinity was feasible, the drive to order 
the soft segment appeared to dominate the drive to order the hard segment. 
This phenomenon was particularly noticeable for polyester 1412, which had a 
,very regular soft segment and formed very well ordered regions of soft 
segment crystallinity. 
The cohesive energy density calculations show that if the mismatch between 
the hard and soft segments becomes too high, for example the polybutadiene 
soft segment, the formation of well ordered domains can be inhibited. This 
can be attributed to the rapid phase separation between the reacting 
components resulting in a wider range of hard segment length being formed. 
This increased diversity of hard segment lengths results in a reduced 
probability of strong regular interactions 
Although the cohesive energy density calculations appear to predict 
accurately the presence of a thermodynamic drive for phase separation they 
do not give any indication of the form the hard and soft segment domains will 
adopt. This is due to other factors which will have a more significant influence 
on the form of the domains. These factors include, hard segment content, 
soft segment molecular weight and in some systems geometry, symmetry, 
polar groups and steric factors. 
142 
Chapter 5 
The Influence of Diisocyanate Structure 
Chapter 5 The Influence of Diisocyanate Structure 
5.1 Results and Discussion 
A series of polyurethane materials were synthesised via a two shot reaction 
process and their morphologies and properties characterised. The materials 
were produced using three different isocyanates, TOI (80/20), pure TOI (the 
2,4- isomer) and HOI. The soft segment was also varied with three different 
PTMG grades employed, average molecular weights, 1000, 1400 and 2000, 
as well as a polyester, a polybutadiene and a polycaprolactone all of 2000 
average molecular weight. The same low molecular weight diol chain 
extender, 1 ,4-butanediol, was used in all the materials. 
This series of materials was produced to investigate the effect of changes 
within the hard segment on phase morphology. The three diisocyanates 
selected allowed comment to be made on the influence of structural changes 
and CEO on both the degree of phase separation and the order within 
domains. The pure 2,4- TOI isomer and mixed isomer grade TOI (80/20) both 
have the same CEO, but the difference in structure and regularity will 
influence properties. Comparison of the materials produced with these 
diisocyanates facilitated comment on the importance of structural regularity 
and CEO as the driving forces for phase separation in polyurethane 
elastomers. 
For clarity of presentation, the results in this chapter will be presented in three 
groups with the materials divided on the basis of which soft segment they 
were produced with. One section will cover the three PTMG materials, 
another the polybutadiene materials and the final section will cover the 
polyester and polycaprolactone materials. The analyses results of each of 
these soft segments reacted with MOl, previously presented in chapter 4, are 
reproduced here for reference. The results of all three materials sections will 
be discussed in the conclusions section at the end of the chapter. 
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5.2 Results and Discussion of PTMG Soft Segment Materials 
As discussed in section 5.1, this series of materials was produced with 1,4-
butanediol as the chain extender, three different average molecular weight 
PTMG polyol soft segments, 1000, 1400 and 2000, and four different 
diisocyanates as detailed in the tables of results. All of the materials were 
produced via a two shot process as described in chapter 3. The figure given 
in brackets in the column describing the material in each table of results 
denotes the average molecular weight of the polyol used in the synthesis of 
the elastomer. A list of the materials discussed in this section is presented in 
table 5.1. 
5.2.1 General Observations 
The materials produced with the pure TOI or TOI (80/20) and PTMG of 
average soft segment molecular weight 1000 were both very soft elastomers. 
The elastomer produced from the TOI (80/20) had a slightly yellow tint, whilst 
the pure TOI material was clear. The elastomers produced with the TOI 
variants and PTMG average soft segment molecular weight 1400 were both 
transparent with a slight yellow tint. Both materials were soft, although not as 
soft as those produced with the lower molecular weight PTMG. The material 
produced with the pure TOI variant and PTMG soft segment average 
molecular weight 2000 was opaque and significantly stiffer than those 
produced with the lower molecular weight PTMG.The material produced 
employing the 2000 soft segment average molecular weight PTMG and the 
TOI 80/20 variant was a transparent, yellow elastomer. As with the materials 
produced with the lower molecular weight PTMGs, the elastomer was very 
soft and almost tacky. 
The elastomers produced with all three PTMG average molecular weights and 
HOI were significantly more rigid than the other materials produced from 
these soft segments. The materials synthesised with the 1000 and 1400 
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average soft segment molecular weight PTMG were both white, opaque 
materials, whilst an off-white opaque material was produced from the 2000 
average molecular weight PTMG. As described previously the MOl materials 
in the series produced flexible opaque elastomers with a slight yellow tint. 
5.2.2 Fourier-transform Infrared Spectroscopy 
The inter-urethane hydrogen bonded carbonyl absorption maxima and values 
of X, determined as described in section 3.4.5, for this series of polyurethane 
elastomers are summarised in table 5.1. It was not possible to determine X, 
the proportion of urethane carbon groups participating in inter-urethane 
hydrogen bonding, for all of the materials in this series. Some materials in the 
series gave IR traces with very broad absorption maxima in the region of 
interest. X could not be determined for these materials with a reasonable 
degree of certainty. The X column for these materials contains a dash (-) 
indicating that no result was obtained. 
The FTIR spectroscopy results for the PTMG 1000 materials showed the 
strongest inter-urethane carbonyl interactions were occurring in the MOl and 
HOI materials. The two TOI variants produced results which were very similar 
with the 80/20 variant possessing, perhaps, slightly weaker interactions. The 
interactions in both of the TOI variants were significantly weaker than those 
present in the other elastomers. The proportion of urethane carbonyl groups 
interacting was lower for the two TOI variants, which possessed the same 
fraction of groups interacting, than observed for the MOl material. 
The TOI-based hard segments had the highest thermodynamic drive to phase 
separate from the soft segment, the HOI-based hard segment the second 
highest and the MOl-based hard segment the least. FTIR spectroscopy 
cannot show how well the material is phase separated, but can give an idea of 
the level of structure in those domains that have formed. 
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Soft Segment Inter-Urethane Hydrogen-Bonded X 
and Carbonyl Absorption Maximum / (±1cm-1) (±0_02) 
Oiisocyanate 
PTMG +MOI 
1704 0_64 (1000) 
PTMG + TOI 
(80/20) 1710 0_60 
(1000) 
PTMG + TOI 
1708 0_60 (1000) 
PTMG+ HDI 
1705 -(1000) 
PTMG + MOl 
1703 0_63 (1400) 
PTMG + TOI 
(80/20) 1718 0_58 
(1400) 
PTMG+ TOI 
1710 0_60 (1400) 
PTMG+ HOI 
1703 
-(1400) 
PTMG+MOI 
1705 0_65 
(2000) 
PTMG + TOI 
(80/20) 1714 -
(2000) 
PTMG + TOI 
1705 0_65 
(2000) 
PTMG + HOI 
1714 -(2000) 
Table 5_1_ FTIR spectroscopy analyses results of PTMG soft segment 
polyurethane elastomers_ 
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For the PTMG 1000 materials, the FTIR spectroscopy indicated that the MOI-
based hard segment probably gave the most ordered hard segments with the 
strongest inter-urethane carbonyl interactions followed by the HOI, pure 2,4-
TDI and 80/20 TOI materials. The structure of the various diisocyanates may 
account for these results. 
The MOl and HOI molecules are linear and both possess a degree of flexibility 
in their geometry that will facilitate interaction. The TOI molecule is rigid and 
the isocyanate groups are angled. These factors may mean the TOI is not be 
able to adapt in the same manner. The presence of the methyl group 
between the isocyanate groups on the 2,6- isomer may also cause some 
disruption in reaction and packing due to steric factors. 
The FTIR spectroscopy results of the PTMG 1400 average soft segment 
molecular weight materials generally follow the same pattern as was 
observed for the PTMG 1000 materials. The only difference between the 
FTIR spectroscopy results for the two soft segments was the significant 
variance between the two TOI materials observed for the PTMG 1400 
material. The PTMG 1400 soft segment can show signs of soft segment 
crystallinity under some conditions (see section 5.2.3). It is possible that a 
small amount of soft segment crystallinity would disrupt the hard segment 
domain formation in the 80/20 material more than the other materials, as the 
impurity introduced via the 2,6- isomer has already reduced the driving force 
for crystalline formations to occur. The HOI material gave a broad peak of 
which the 1703cm·1 absorption was one feature. This may indicate that only a 
small percentage of the inter-urethane interactions present were this well 
ordered. 
The FTIR spectroscopy results for the PTMG 2000 material showed 
significant variation from the others in the series. The MOl and pure 2,4-TOI 
materials showed identical results with both possessing strong inter-urethane 
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carbonyl interactions. The 80/20 material again showed only relatively weak 
interactions were present as did the HOI material. 
The general trends observed for this series were that the MOl materials 
remained essentially unchanged as the average soft segment molecular 
weight increased. The pure 2,4- TOI material and the TOI 80/20 material 
showed increasing variation in their results as soft segment average 
molecular weight increased. The HOI materials produced with the two lower 
average soft segment molecular weights were very similar, only showing 
signs of dramatic change when the PTMG 2000 material was analysed. 
These effects may be attributed to the falling hard segment content and soft 
segment crystallinity. However, analysis of the FTIR spectroscopy data, in 
isolation, does not provide sufficient information to allow conclusions to be 
drawn. 
5.2.3 Differential Scanning Calorimetry 
The results of the DSC analysis of the series of materials produced employing 
the PTMG soft segments (1000, 1400 and 2000 average soft segment 
molecular weight), 1,4-butanediol as the chain extender and TDI (80/20), TOI 
(2,4-isomer) or HDI as the diisocyanate are presented in figures 5.1.-5.3 and 
summarised in table 5.2. The results of the analogous MOl based material 
previously presented in chapter 4 are included for reference. 
All of the materials showed step transitions in their heat flow curves at sub-
ambient temperatures. These step transitions indicated changes in the heat 
capacity at the glass transition temperature (Tg) of the soft segment. A value 
of T g was assigned to this transition by obtaining the point of curve inflection 
of the heat flow curve. All of the materials in this series exhibited endothermic 
features in their heat flow curves due to dissociation or melting events. The 
peak temperatures of these events were assigned the designation T m- The 
DSC results for the PTMG 1000 materials are shown in figure 5.1 and 5.1 a. 
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Figure 5.1 a has been included with an altered scale so the features on the 
HOI trace can be seen. 
Soft Segment and 
T m /(±2.0°C) Tg /(±2.0°C) 
Oiisocyanate 
PTMG+MOI 
58, 142 -45 (1000) 
PTMG + TOI (80/20) 
43,87,165 -36 (1000) 
PTMG + TOI 
174 -38 (1000) 
PTMG + HOI 
89, 128, 136 -72 (1000) 
PTMG + MOl 
59, 149 -58 (1400) 
PTMG + TOI (80/20) 
Steps 67,139,160 -49 (1400) 
PTMG + TOI 
Step 100, broad 172 -51 (1400) 
PTMG +HOI 
1,45,74,121 -74 (1400) 
PTMG + MOl 
9(SS); 59, 145 -69 (2000) 
PTMG + TOI (80/20) Step 90, broad transition 
-60 (2000) 124, step 185 
PTMG+ TOI Step 100, broad 
-68 (2000) transition 170 
PTMG+HOI 13 (SS), broad transition 
-70 (2000) 170 
Table 5.2. DSC analyses results of PTMG soft segment polyurethane 
elastomers. 
The TOI based hard segments had the highest thermodynamic drive to phase 
separate from the soft segment, the HOI based hard segment the second 
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highest and the MOl based hard segment the least. The glass transition 
temperatures observed via DSC show that this is not reflected in the practical 
analysis of the materials. If the glass transition temperature of the material is 
taken as an indication of the degree of phase mixing present, the lower the 
glass transition temperature the less hard segment is mixed in with the soft 
segment, then the degree of phase separation in the HDI material was 
significantly greater than found in the other materials in this series. The MOl 
was the next most phase separated material followed by the two TOI 
materials which, within experimental error, had the same soft segment glass 
transition temperature . 
The DSC thermograms for the elastomers show that the MOl material 
processed a well ordered phase separated structure. The soft segment T 9 
was at a relatively low temperature and only two melting features were 
observed. The first of these , at 5SoC, was attributed to less well ordered hard 
segment domains, whilst the higher temperature feature was considered to be 
indicative of a well ordered hard segment domain structure. This correlated 
well with the FTIR spectroscopy results for th is material. 
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Figure 5.1. DSC analyses results of PTMG 1000 average soft segment 
molecular weight polyurethane elastomers. 
151 
Chapter 5 The Influence of Diisocyanate Structure 
The DSC results of the TOI materials were very different and were not found 
to corroborate the image of two materials with near identical interactions the 
FTIR spectroscopy data suggested. The pure TOI material showed several 
steps in its heat flow curve and one large endotherm at high temperature. 
This suggested several crystalline forms of hard segment were present and a 
relatively large percentage of the hard segments were in a well ordered 
domain structure. If this was the case, then it would normally be predicted 
that the soft segment glass transition temperature would occur at lower 
temperature than was observed here 
The trace for the TOI 80/20 material appeared to be almost featureless with 
only three very small endothermic events evident. This suggested a 
disordered morphology with relatively few hard segments in well ordered 
domains. This tied in well with the high soft segment glass transition 
temperature and the FTIR spectroscopy results. 
The DSC trace for the HOI elastomer appears almost featureless when 
examined on the same scale as the other materials presented in this group. It 
is, therefore, presented on a different scale in figure 5.1 a. The results of the 
other elastomers have not been altered. The DSC results of the HOI material 
showed multiple endothermic events including one with a double peak 
perhaps indicating the presence of multiple hard segment crystalline forms. 
Although altering the scale made these features appear significant, they are 
still relatively smal l. The unmodified plot showed that only a small amount of 
the hard segment material could be in ordered domains as no clear 
endothermic features were easily discernable. This did not seem to be in 
agreement with the measured Tg, which suggested a high degree of phase 
separation. It is possible that the HOI hard segments have phase separated, 
but are not formed into well ordered structures. 
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Figure 5.1a. DSC analysis results of PTMG tOOo average soft segment 
molecular weight polyurethane elastomers. (A ltered seale(HOI)). 
The DSC results for the PTMG 1400 average soft segment molecular weight 
material broadly ag reed with those of the PTMG 1000 analyses. The glass 
transition temperatures again suggested that the HOI was the most phase 
separated material , followed by the MOl and then the two TOI variants. The 
MOl material is the only elastomer which showed a clear, sharp endotherm, 
attributed to hard segment crystallinity. The other materials showed broad 
endotherms, steps, and, in the case of the HOI material, a feature which was 
attributed to soft segment melting. The results for this group matched the 
FTIR spectroscopy results reasonably well. The pure TOI material showed 
greater signs of hard segment order and the MOl material appeared to 
possess the most ordered hard segments as predicted. The one anomaly 
appeared to be the HOI material which showed only a very broad endotherm 
and exhibited signs of soft segment crystallisation . The FTIR spectroscopy 
data had indicated a well ordered hard segment domain structure, although it 
was proposed that only a small percentage of the hard segments were in 
these well ordered domains. The DSC data suggested that the soft segment 
crystallinity dominated and that most of the hard segments were in poorly 
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ordered domains. The linear nature of the HOI and its symmetrical structure 
may mean that a small percentage of inter-urethane carbonyl interactions are 
very strong despite the dominance of the soft segment crystallinity. 
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Figure 5.2. DSC analyses results of PTMG 1400 average soft segment 
molecular weight polyurethane elastomers. 
The values of soft segment T 9 for the 2000 average soft segment molecular 
weight group of materials suggested that all were phase separated to a 
similar degree. The exception to this was the TOI 80/20 material which the Tg 
suggested was less well phase separated relative to the other materials. 
The HOI and MOl materials showed clear signs of soft segment crystallinity, 
whilst none was observed for the two TOI materials. As the thermodynamic 
incompatibility between hard and soft segment was greatest for the TOI 
materials , this was unexpected. A possible explanation is that the absence of 
any flexibility in the hard segment restricts the soft segment crystall ising, the 
low percentage by mass of the hard segment and the strain induced as the 
soft segment attempts to form low energy structures stop any hard segment 
crystallinity being observed. The degree of phase separation is reduced in 
the TOI 80/20 due to the reduced drive to form ordered hard segments due to 
the presence of the methyl group between the reactive groups. The DSC 
154 
Chapter 5 The Influence of DIIsocyanate Structure 
results indicated that the most ordered hard segment domains were formed in 
the MOl material followed by the HO I, the pure 2,4- TOI and the TOI 80/20. 
This was not in agreement with the FTIR spectroscopy which had predicted 
the strongest inter-urethane carbonyl interactions would occur in the MOl and 
pure TOI materials, while those in the HOI elastomer would be relatively weak. 
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Figure 5.3. DSC analyses results of PTMG 2000 average soft segment 
molecular weight polyurethane elastomers. 
5.2.4 Modulated-temperature Differential Scanning Calorimetry 
The M-TOSe analyses of the materials in this series did not show any 
significant variance from the results obtained via conventional ose analyses. 
All of the materials showed endotherms in the non-reversing heat flow at the 
same temperatures that they displayed endothermic features in the heat flow. 
The M-TOSe trace for the average soft segment molecular weight 1400 
PTMG, 1,4-butanediol and TOI 80/20 material has been included as a typical 
example (Figure 5.4). The appearance of the small endothermic features, at 
approximately 12Soe , in both the heat flow and non-reversing heat flow 
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indicates that these events were subject to kinetic control. This was 
consistent with their assignment as hard segment melting events. 
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Figure 5.4. M-TOSe results of PTMG 1400 TOt 80120 material. 
5.2.5 Dynamic Mechanical Thermal Analyses 
The materials all displayed peaks in the value of tan /) at sub-ambient 
temperatures and simultaneous fa lls in the value of log E' indicative of the T 9 
of the soft segment(137). Some of the materials in this series also displayed 
increases in the value of tan /) and simultaneous decreases in the value of log 
E' at higher temperatures. The temperatures at which these changes 
occurred were, accounting for frequency sh ift, coincident with endotherms 
observed in the ose and M-TO se analyses. These features were, therefore, 
considered to be due to the melting of phase separated hard segment 
domains and were designated T m. Those materials where the tan delta curve 
indicated the material had softened in the OMTA clamps before any such 
features wou ld be observed are denoted in the T m column of the resu lts table 
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with the symbol M. These materials were re-run but no improvement in data 
quality was observed. 
The materials will be discussed in groups defined by their average soft 
segment molecular weight before the entire series is summarised. 
Work performed by Minoura(141) suggests that in phase separated 
polyurethanes the amount of hard segment dissolved within the soft segment, 
or the degree of phase separation , has a direct impact upon the soft segment 
T g. The temperature at which the soft segment T 9 is observed increases as 
the amount of phase separation decreases due to the reduced soft segment 
mobility caused by the hard segment structures. Consideration of the PTMG 
1000 materials on this basis implies the two TOI variants were the least phase 
separated, followed by the MOl material with the HOI elastomer being the 
most phase separated. This was in agreement with the DSC and M-TOSC 
results for these materials. 
Although some of the sub-ambient data for the pure TOI material was 
unreliable, due to clamping difficulties, the data were included as it was 
reproducible and the higher temperature readings stabilised. The shape of 
both curves for the two TOI materials was very similar suggesting little 
difference between the elastomers. Although the temperature at which an 
increase in tan delta was observed was higher for the 80/20 elastomer, the 
low level fluctuation in tan delta started at a lower temperature. 
The MOl data showed it to be significantly more phase separated than either 
TOI material , but less so than the HOI elastomer. It was observed that both 
the MOl and HOI materials displayed little sign of rapid softening due to 
melting events until over 100°C. 
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Soft Segment and 
Tg / (±2.0°C) T m /(±2.0oC) 
Oiisocyanate 
PTMG + MOl 
-21 (M) 115 
(1000) 
PTMG + TOI (80/20) 
-9 (M) 44 
(1000) 
PTMG + TOI 
-8 (M) 34 
(1000) 
PTMG + HOI 
-46 (M) 76 
(1000) 
PTMG + MOl 
-30 (M) 67 (1400) 
PTMG + TOI (80/20) 
-25 (M) 28 (1400) 
PTMG + TOI 
-23 (M) 30 
(1400) 
PTMG + HOI 
-49 (M) 35 
(1400) 
PTMG + MOl 
-43 (M) 63 
(2000) 
PTMG + TOI (80/20) 
-36 (M) 5 
(2000) 
PTMG + TOI 
-39 (M) 20 (2000) 
PTMG + HOI 
-52 (M) 25 (2000) 
Table 5.3. DMTA analyses results of PTMG soft segment polyurethane 
elastomers. 
The OMTA results of the PTMG 1400 group of materials followed the same 
patterns as were observed for the PTMG 1000 elastomers. The glass 
transition temperatures showed the two TOI variants to be the least phase 
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separated. followed by the MOl and then the HOI material. This was in 
agreement with the other thermal analyses performed on these materials. 
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Figure 5.5. DMTA tan 0 results of PTMG tOOO soft segment materials. 
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Figure 5.6. DMTA modulus results of PTMG tOOO soft segment materials. 
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The FTIR spectroscopy results had shown a marked difference between the 
two TOI variants. but this was not observed via OMTA. As was observed for 
the PTMG 1000 materials. the two TOI curves were very similar. The MOl 
and HOI materials both possessed relatively high thermal stability with the 
HOI material . in particular. maintaining its modulus over a wide temperature 
range. As the degree of phase separation increased the height of the tan 
delta maximum decreased . 
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Figure 5.8, DMTA modulus results of PTMG 1400 soft segment materials. 
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The OMT A results of the PTMG 2000 average soft segment molecular weight 
materials were very different to the others in this series. This was attributed to 
the relatively high degree of soft segment crystallinity that can occur in the 
PTMG 2000 soft segment. 
The DSC analyses of these materials showed the glass transition 
temperatures of all of the materials, with the exception of the TOI 80/20 
material , were, within experimental error, the same. The TOI 80/20 material 's 
Tg was at a higher temperature, suggesting it was less well phase separated. 
The OMTA results show the same pattern as was observed via OMTA for the 
other groups of materials in this series. The TOI materials are very similar 
and appear to be the least well phase separated followed by the MOl and, the 
most phase separated, HOI. A variation from the DSC results observed in this 
group of materials was the signs of soft segment crystallinity. 
The DSC results showed signs of soft segment crystallinity in the MOl and 
HOI materials, but none whatsoever in the two TOI elastomers. However, the 
OMTA results show signs of soft segment crystallinity in only the MOl and 
pure TOI materials. This was in agreement with the FTIR spectroscopy 
results, which showed the pure TOI and MOl materials as a pair possessing 
identical values of both X and inter-urethane hydrogen bonded carbonyl 
absorption maxima. Matching values were also observed for the HOI and TOI 
80/20 materials (see table 5.3) . 
With a few exceptions, commented on earlier in this section, the OMTA 
analyses agreed with the results of the other thermal analysis techniques 
employed here. As the average soft segment molecular weight increased, the 
glass transition temperatures of the materials produced with all of the 
diisocyanates fell. 
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Figure 5.10. DMTA modulus results of PTMG 2000 soft segment materials. 
5.2.6 Wide Angle X-Ray Scattering 
The main feature observed for the majority of materials in this series was a 
diffuse scattering peak with a maximum intensity at a value of 20 of 
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approximately 200 . This type of large diffuse scattering peak can be attributed 
to scattering from an amorphous arrangement of chain segments(140l. 
The curves of the 1400 average molecular weight PTMG material reacted with 
MOl and TOI 80/20 are re-produced in figure 5.11 to illustrate how two 
materials, which reveal different morphologies when analysed via other 
techniques in this study, appeared very similar when analysed via WAXS. 
PTMG 1400 + MOl 
- PTMG 1400 + TOI 80120 
o 5 
" 
15 20 25 30 35 .. ' 5 
Figure 5.11 . WAXS results of PTMG1400+MDI or TDIBOl20 materials. 
The WAXS results of the PTMG average soft segment molecular weights 
1000 and 1400 and HOI are reproduced in figure 5.12. They showed the 
diffuse scattering peak with a maximum intensity at a value of 28 of 
approximately 200 observed for most of the materials, but also a clear 
shoulder with a value of 28 of approximately 240 . This value of 28 
corresponded to a repeat distance of 0.37nm and implied the presence of an 
ordered domain morphology. The FTIR spectroscopy and thermal analysis 
results of these materials had shown them to possess differing morphologies. 
The FTIR and DSC results implied that the inter-urethane carbonyl bonds 
were weaker and the domains less ordered in the PTMG 1400 material. The 
WAXS results appeared to show that both materials possessed similar 
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degrees of order. However, the shoulder on the PTMG 1000 material had 
slightly higher intensity and was more pronounced than observed for the 
PTMG 1400 elastomer, perhaps implying a slightly better ordered domain 
morphology. No sign of soft segment crystallinity was observed for the PTMG 
1400 elastomer via W AXS. 
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Figure 5.12. WAXS results of PTMG 1000 and PTMG 1400 soft segments 
and HOI. 
The WAXS results of the PTMG 2000 average soft segment molecular weight 
materials are presented in figure 5.13. The pure TOI and HOI materials 
showed a diffuse scattering peak with a maximum intensity at a value of 20 of 
approximately 20° observed for most of the materials. The TOI 80/20 
material , however, showed a sharp peak with a maximum intensity at a value 
of 20 of approximately 20°. This sharp peak was attributed to soft segment 
crystallinity. The TOI 80/20 and HDI materials both showed a feature at 
approximately 24-25°. In addition, the HOI material also displayed a sharp 
feature at approximately 6°. The pure TDI material showed no features other 
than the maximum intensity feature at 20°. The feature at approximately 24-
25° corresponded to a repeat distance of approximately 0.36-0.37nm and 
implied the presence of an ordered domain morphology. The feature at 
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approximately 6° observed for the HOI material was very sharp. The angle 
corresponded to a repeat distance of approximately 1.48nm. Other studies 
have attributed features in this region to relatively disordered hard segment 
domains,,41 .234). In this case, it seems likely that some form of soft segment 
crystallinity may be responsible. 
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Figure 5.13. WAXS results of PTMG 2000 soft segment and pure 2,4- TO!, 
TD! 80120 and HO!. 
The FTIR spectroscopy and DSC analyses for this group of materials had 
suggested that the pure TOI material possessed the highest proportion of 
relatively strong inter-urethane carbonyl bonds, whilst the interactions in the 
other materials were relatively weak. The TOI 80/20 material appeared to be 
the least well phase separated, but did possess a small proportion of well 
ordered domains. The morphology of the HOI material appeared to be 
dominated by soft segment crystallinity, while the two TOI variants showed no 
sign of it. The WAXS results suggest that the small proportion of well ordered 
hard segments in the pure TOI material was sufficient to prevent the 
occurrence of soft segment crystallinity. 
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5.2.7 Tensile Testing 
The results of the tensile testing analyses performed on this series of 
materials are summarised in table 5.4. 
The materials produced consistently followed the same pattern of which 
diisocyanate gave the highest ultimate tensi le strength for any given soft 
segment. The elastomers employing MOl were always highest followed by 
HOI, pure TOI and finally TOI 80/20. 
For all of the diisocyanates, with the exception of the HOI, the PTMG 2000 
elastomer was the weakest in the series. This is attributed to the desire of the 
soft segments to crystallise, disrupting any benefit imparted by the hard 
segment domains. The HOI/PTMG 1400 material was the only elastomer for 
this molecular weight PTMG to show signs of soft segment crystallinity when 
analysed via ~SC . Th is may account for the different pattern in ultimate 
tensile strength observed for the HOI materials. A similar pattern regarding 
soft segment average molecular weight was also observed in the OMTA 
results. The OMTA results showed that the thermal stability of all of the 
materials increased as the average soft segment molecular weight was 
increased from 1000 to 1400, but fell away again from 1400 to 2000. 
The TOI 80/20 material was consistently weaker than the pure 2,4- isomer of 
TOI. This difference in strength was attributed to the structural irregularities 
introduced in the TOI 80/20 material due to the presence of the 2,6- TOI 
isomer. This effect was particularly pronounced for the PTMG 1000 average 
soft segment molecular weight material. 
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Soft Segment and Oiisocyanate Ultimate Tensile Elongation at 100% Modulus 200% Modulus 300% Modulus Strength Break IMPa IMPa IMPa 
IMP. /% 
PTMG + MOl 
(1000) 36 450 6.5 4.5 4.3 
PTMG + TOI (80/20) 
(1000) 2 920 . . 0.2 
PTMG + TOI 
(1000) 19 550 6.4 4.0 3.5 
PTMG+HOI 
(1000) 26 770 16.2 9.0 5.3 
PTMG+MDI 
(1400) 45 390 10.8 8.7 10.4 
PTMG + TDI (80/20) 
(1400) 5 510 1.6 1.0 0.6 
PTMG+ TOI 
(1400) 6 600 1.6 0.9 0.7 
PTMG + HOI 
(1400) 12 750 5.8 3.4 2.6 
PTMG+MOI 
(2000) 30 570 3.4 2.3 2.1 
PTMG + TDI (80/20) 
(2000) 1 980 1.0 1.0 1.0 
PTMG+ TOI 
(2000) 6 510 1.7 0.9 0.7 
PTMG+ HDI 
(2000) 17 580 4.8 3.0 2.5 
Tab/e5.4. Tensile testmg results of the PTMG soft segment polyurethane elastomers. 
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This was unexpected as the FTIR spectroscopy results had indicated that the 
PTMG 1000 TOlfTOI 80/20 materials were, within experimental error, the 
same, while the materials produced from the other PTMG soft segments 
showed significant variation. The tensile results were in agreement with the 
thermal analysis results which showed that, although these two materials 
were phase separated to a similar degree, the order within the hard segment 
domains was significantly higher in the pure 2,4- TOI isomer material. 
5.2.8 Cohesive Energy Density 
The cohesive energy densities for this series of materials, produced from 
PTMG soft segment (1000, 1400 or 2000 average soft segment molecular 
weight), 1 ,4-butanediol and various diisocyanates (MOl, HOI, pure 2,4- TOI or 
TDI 80/20) are presented in table 5.5. All calculations were performed as 
described in section 3.4.7. 
The cohesive energy density mismatch for each of the diisocyanates was the 
same regardless of which PTMG soft segment they were compared against. 
This was because the cohesive energy densities are compared and this value 
will not change as additional repeat units are added to the soft segment. As 
the model calculates CEO for the whole molecule, the CEO values for the two 
isomers of TOI were identical. Table 5.6 shows the mismatch between each 
of the hard segments and the PTMG soft segments. 
Oiisocyanate Hard/Soft Segment CEO mismatch 
J/cm'3 
MOl 259.5 
TOI (80/20) 379.2 
TOI (pure 2,4- isomer) 379.2 
HOI 288.3 
.. Table 5.6. CoheSIVe energy densltly mismatches of the PTMG soft 
segment polyurethane elastomers. 
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The results of the CEO calculations showed that the two TOI variants had a 
substantially larger thermodynamic drive to phase separate than the materials 
produced with the MOl and HOI diisocyanates. However, the practical results 
did not provide evidence to support this postulation. 
Work performed by several research groups(137, 141) suggests that in phase 
separated polyurethanes the amount of hard segment dissolved within the 
soft segment, or the degree of phase separation, has a direct impact upon the 
soft segment Tg. The temperature at which the soft segment Tg is observed 
increases as the amount of phase separation decreases due to the reduced 
soft segment mobility caused by the hard segment structures. Consideration 
of the thermal data for this series of materials consistently showed that the 
MOl and HOI materials possessed a higher degree of phase separation and 
generally a higher percentage of hard segments in well ordered domains then 
did the TOI variants. 
Consideration of all of the data for this series of materials suggests that, as 
was mentioned for the polybutadiene material in chapter 4, the CEO 
mismatch for the TOI materials may have been high enough to prevent the 
formation of a regular structure. This high mismatch resulted in a wide variety 
of hard segment lengths. This could have lead to a small percentage of hard 
segments forming very well ordered domains while the majority struggle to 
match up with hard segments of comparable size. This will result in many 
hard segments being at the edge of small domains, and, therefore, effectively 
mixed in with the soft segment. 
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Material Oiisocyanate Chain Soft Hard Hard/Soft 
(All materials were of stoichiometry 2.1:1 :1, two shot and cured at CEO Extender Segment Segment Segment Jlcm·3 CEO CEO BOoC as described in Chapter 3) J/cm·3 CEO CEO Mismatch (polyol avg. mol weight given in brackets) J/cm·3 J/cm·3 J/cm·3 
MOl: 1,4-butanediol : PTMG (1000) 351.B 274.9 330.7 590.3 259.5 
TOI(80/20) :1 ,4-butanediol : PTMG (1000) 360.9 274.9 330.7 710.0 379.2 
TOI :1,4-butanediol : PTMG (1000) 360.9 274.9 330.7 710.0 379.2 
HOI :1 ,4-butanediol : PTMG (1000) 274.9 274.9 330.7 619.0 288.3 
MOl: 1,4-butanediol : PTMG (1400) 351.8 274.9 330.7 590.3 259.5 
TOI(80/20) : 1,4-butanediol : PTMG (1400) 360.9 274.9 330.7 710.0 379.2 
TOI : 1,4-butanediol : PTMG (1400) 360.9 274.9 330.7 710.0 379.2 
HOI : 1,4-butanediol : PTMG (1400) 274.9 274.9 330.7 619.0 288.3 
MOl: 1,4-butanediol : PTMG (2000) 351.8 274.9 330.7 590.3 259.5 
TOI(80/20) : 1,4-butanediol : PTMG (2000) 360.9 274.9 330.7 710.0 379.2 
TOI : 1,4-butanediol : PTMG (2000) 360.9 274.9 330.7 710.0 379.2 
HOI : 1,4-butanediol : PTMG (2000) 274.9 274.9 330.7 619.0 288.3 
Table 5.5. CohesIve energy densIty calculatIon results of the PTMG soft segment polyurethane elastomers. 
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5.3 Results and Discussion of Polybutadiene Soft Segment Materials 
As discussed in section 5.1, this series of materials was produced with TOI 
(80/20), pure TOI (2,4- isomer) or HDI employed as the diisocyanate. The 
2000 average molecular weight polybutadiene soft segment and 1,4-
butanediol chain extender were employed in the synthesis of the materials in 
this section. All of the materials were produced via a two shot process as 
described in chapter 3. 
5.3.1 General Observations 
The use of MOl produced a white material. This colouration may be an 
indication of a high degree of phase separation. This material required longer 
than any of the others in this study before it gelled and if left to stand before 
stirring appeared to separate into two distinct layers. The two materials 
synthesised from the TOI variants were very similar. Both were slightly cloudy 
and softer than the MOl variant. The HOI synthesis produced an opaque 
elastomer that was significantly harder and stiffer than the other materials in 
this series. 
5.3.2 Fourier-transform Infrared Spectroscopy 
The inter-urethane hydrogen bonded carbonyl absorption maxima and values 
of X, determined as described in section 3.4.5, for this series of polyurethane 
elastomers are summarised in table 5.7. It was only possible to determine X, 
the proportion of urethane carbon groups participating in inter-urethane 
hydrogen bonding, for the material produced with MOl. The other materials in 
the series gave IR spectra with very broad absorption maxima in the region of 
interest. X could not be determined for these materials with a reasonable 
degree of certainty. The X column for these materials contains a dash (-) 
indicating that no result was obtained. 
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Soft Segment 
Inter-Urethane Hydrogen-Bonded X 
and 
Carbonyl Absorption Maximum / (±1cm-1) 
Diisocyanate 
(±0.02) 
Polybutadiene + 
MOl 1704 0.66 
(2000) 
Polybutadiene + 
TOI (80/20) 1708 -
(2000) 
Polybutadiene + 
TOI 1707 -
(2000) 
Polybutadiene + 
HDI 1708 -
(2000) 
Table 5.7. FTIR spectroscopy analyses results of polybutadiene soft 
segment polyurethane elastomers. 
The polybutadiene materials have a large thermodynamic driving force for 
phase separation to occur with all of the hard segments in this series of 
materials. The FTIR spectroscopy analyses of polybutadiene soft segment 
polyurethanes are of particular interest academically as there is no possibility 
of hydrogen bonding between hard and soft segments. 
The FTIR spectroscopy results for the MOl material indicated that a relatively 
low proportion of the hard segment hydrogen bonding groups were interacting 
with other groups. The inter-urethane hydrogen-bonded carbonyl absorption 
maxima values indicated that those hydrogen bonds which were formed were 
of good but not exceptional strength. 
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The results for the two TOI variants were very similar. Both materials gave 
broad absorptions from which it was difficult to assign separate peaks relating 
to the different carbonyl environments. The inter-urethane hydrogen-bonded 
carbonyl absorption maxima for both elastomers show that, relative to the MOl 
based material, those inter-urethane carbonyl interactions which do occur are 
weak. 
The FTIR spectroscopy inter-urethane hydrogen-bonded carbonyl absorption 
maximum for the HOI material was, within experimental error, the same as 
was observed for the TOI elastomers. This indicates that the strength of the 
inter-urethane carbonyl interactions in. these three elastomers was about the 
same. All were weaker than observed for the MOl material. 
This relatively low proportion of hydrogen bonding groups interacting could be 
due to irregularity in the length of hard segments. The polybutadiene soft 
segment and hard segment are so incompatible that a regular structure 
cannot be built up. This results in a disperse range of segment sizes and a 
reduction in the likelihood of interaction due to spatial factors. This 
postulation was confirmed by the CEO mismatch between the hard and soft 
segments which was lowest for the MOl based material. This meant that the 
MOl based material was most likely to form hard segments of compatible size, 
and, therefore, the probability of interaction increased. 
5.3.3 Differential Scanning Calorimetry 
The results of the DSC analysis of the series of materials produced employing 
the polybutadiene soft segment,1 ,4-butanediol as the chain extender and TOI 
(80/20), TOI (2,4-isomer) or HOI as the diisocyanate are presented in figure 
5.14 and summarised in table 5.8. The results of the analogues MOl based 
material, previously presented in chapter 4, are included for reference. 
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All of the materials showed step transitions in their heat flow curves at sub-
ambient temperatures. These step transitions indicated changes in the heat 
capacity at the glass transition temperature (Tg) of the soft segment. A value 
of T g was assigned to this transition by obtaining the point of curve inflection 
of the heat flow curve. All of the materials in this series exhibited endothermic 
features in their heat flow curves due to dissociation or melting events. The 
peak temperatures of these events were assigned the designation T m. 
Soft Segment and 
T m 1(±2.0°C) T g 1(±2.0°C) 
Oiisocyanate 
Polybutadiene + MOl 
87,149 -36 (2000) 
Polybutadiene + TOI 
(80/20) 22,53,89,182 -33 
(2000) 
Polybutadiene + TOI 
62 -32 (2000) 
Polybutadiene + HOI 
63,131,165 -37 (2000) 
Table 5.B. DSC analyses results of polybutadlene soft segment 
polyurethane elastomers. 
As stated in the FTIR spectroscopy results section, the polybutadiene soft 
segment materials have a large thermodynamic driving force for phase 
separation to occur. The FTIR spectroscopy study for these materials 
showed that relatively few of the hydrogen bonding groups in this material 
were interacting and those interactions that did occur were relatively weak. 
The glass transition temperatures of the two TOI materials were, within 
experimental error, the same. The glass transition temperatures for the MOl 
and HOI materials both occurred at lower temperature than was observed for 
the TOI elastomers. If the T g of an elastomer can be taken as an indication of 
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how phase separated it is, the lower the Tg the less hard segment is mixed 
with soft, then these results are the opposite of what might have been 
expected from the CEO mismatches. This same pattern was observed for the 
PTMG based materials presented earlier in this chapter. 
Two endotherms were observed for the MOl material at 87°C and 149°C. The 
DSC data showed two distinct domain environments are present. The HOI 
material showed three endotherms perhaps indicating that the increased CEO 
mismatch may have resulted in an increase in variation of hard segment 
length. However, these multiple features may be due to the order within these 
domains. The more ordered the domain the higher temperature the 
endotherm associated with it is observed at. With the exception of the 
features observed at 53°C and 182°C in the pure TOI and TDI 80/20 traces, 
respectively, the DSC results of both TOI materials showed only very small 
features. This was indicative of the poor levels of phase separation and weak 
interactions occurring between inter-urethane carbonyl groups. The 
endotherm observed at 53°C in the pure TOI trace was a broad, shallow 
event. Its appearance was indicative of a poorly ordered domain structure. 
.... up 
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Figure 5. 14. DSC analyses results of polybutadiene soft segment molecular 
weight polyurethane elastomers. 
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The feature observed at 182°C in the TOI 80/20 trace is very small and was 
considered to be indicative of a small percentage of hard segments in a well 
ordered domain. The slow gel time of these materials does allow sufficient 
time for ordered domains to be formed. However, the high CEO mismatch 
between the hard and soft segments reduces the probability of this occurring. 
5.3.4 Modulated-temperature Differential Scanning Calorimetry 
The M-TOSC analyses of the majority of the materials in this series did not 
show any signifi cant difference from the results obtained via conventional 
DSC analyses. 
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Figure 5.15. M-rOSe results of polybutadienel HOI material. 
All of the materials showed endotherms in the non-reversing heat flow at the 
same temperatures that they displayed endothermic features in the heat flow. 
The M-TOSC trace for the HOI material has been included as a typical 
example (Figure 5.15). The appearance of the endotherm in both the heat 
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flow and non-reversing heat flow indicates that these events were subject to 
kinetic control. This is consistent with their assignment as hard segment 
melting events. 
5.3.5 Dynamic Mechanical Thermal Analyses 
The materials all displayed peaks in the value of tan S at sub-ambient 
temperatures and simultaneous falls in the value of log E'indicative of the Tg 
of the soft segment(137). Some of the materials in this series also displayed 
increases in the value of tan 8 and simultaneous decreases in the value of log 
E' at higher temperatures. The temperatures at which these changes 
occurred were coincident with endotherms observed in the ose and M-TOSe 
analyses. These features were , therefore, considered to be due to the 
melting of phase separated hard segment domains and were designated T m. 
Those materials where the tan delta curve indicated the material had softened 
in the OMTA clamps before any such features would be observed are denoted 
in the T m column of the results table with the symbol M. 
Soft Segment and T 9 /(±2.0°C) T m /(±2.0°C) 
Oiisocyanate 
Polybutadiene + MOl -17 (M) 78 
(2000) 
Polybutadiene + TOI -11 25, (M) 75 
(80/20) 
(2000) 
Polybutadiene + TOI -1 2 27, (M) 65 
(2000) 
Polybutadiene + HOI -18 (M) 61 
(2000) 
Table 5.9. DMTA analyses results of polybutadlene soft segment 
polyurethane elastomers. 
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As was observed via ~SC, see table 5.8, the glass transition temperatures of 
the two TOI materials were, within experimental error, the same. The glass 
transition temperatures for the MOl and HOI materials both occurred at lower 
temperature than was observed for the TOI elastomers. Work performed by 
several research groups(137.234) suggests that in phase separated 
polyurethanes the amount of hard segment dissolved within the soft segment, 
or the degree of phase separation, has a direct impact upon the soft segment 
Tg. The temperature at which the soft segment Tg is observed increases as 
the amount of phase separation decreases due to the reduced soft segment 
mobility caused by the hard segment structures. These results are the 
opposite of what might have been expected from the CEO mismatches. This 
same pattern was observed for the PTMG based materials presented earlier 
in this chapter, see section 5.2. 
The material which employed MOl as the diisocyanate showed a decrease in 
its modulus curve accompanied by a simultaneous increase in tan delta in the 
75-100oC temperature range. The changes in modulus in this temperature 
range may be attributed to the melting of less well ordered hard segments or, 
as was discussed in the DSC results section, the presence of distinct 
crystalline formations. The profile of the tan delta and modulus curves for the 
MOl material were similar to those observed for the TOI variants, although 
both sets of data suggested that the MOl material possessed superior thermal 
stability. The position of the transitions in both curves suggested that the MOl 
material possessed a lower concentration of disordered hard segments which 
disassociate at lower temperature than their re latively well ordered 
cou nterparts. 
The two materials produced employing the TOI variants as the diisocyanate 
produced very similar OMTA results. The glass transition temperatures were , 
within experimental error, the same, as were the shapes of the tan delta 
curves and the peak tan delta values. The sub-ambient modulus values and 
tan delta curves were identical. Real variation in the results was only 
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obseNed as the temperature increased above OOC. Above this temperature , 
the superior high temperature stability of the material produced with the pure 
2,4- TOI isomer became apparent. Both sets of data suggested that the pure 
2,4- isomer produced a material with very slightly superior ordering withi n the 
hard segment domains. The other experimental data on these materials 
suggested that the pure 2,4- isomer may contain less diversity of hard 
segment structures. A possible explanation is that the angle between the 
reactive groups on the two TOI isomers is the same, but the presence of the 
methyl group between the - NCO groups on the 2,6- isomer has a disruptive 
effect on hard segment order. The degree of hard segment ordering in both 
materials is small , but this difference between the isomers may result in the 
average environment of the hard segment being slightly more ordered when 
the pure isomer is used. 
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Figure 5.16. DMTA tan 0 results of polybutadiene soft segment materials. 
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Figure 5. 17. DMTA modulus results of polybutadiene soft segment materials. 
It is possible the effect observed is not dramatic as only 20% of the TOI 80/20 
is the 2,6- isomer. The steric factors and the fact that an excess of 
diisocyanate was added may mean that the 2,6- isomer is more likely to be 
un-reacted or form the terminal group of a polymer chain. These factors may 
explain the apparent lack of impact the addition of the 2,6- TOI isomer has on 
the final elastomer. 
The HOI material had significantly improved resistance to thermal degradation 
when compared to the other materials in this series. This was illustrated by 
the retention of the modulus as the temperature increased. 
5.3.6 Wide Angle X-Ray Scattering 
The results of the WAXS analysis of the materials in this group are presented 
in figure 5.18. 
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Figure 5. 18. WAXS results of polybutadiene soft segment materials. 
The WAXS results of these polybutadiene soft segment materials showed 
broad diffuse scattering peaks. The peaks appeared to be formed from two 
curves superimposed on one another to give the broad scattering peak 
observed. The scattering peaks appeared to have maximum intensity at 28 
values of approximately 1So and 20°. The pure TOI curve was symmetrical 
and, if considered in isolation, would be considered to constitute a single 
broad peak. The TOI SO/20 curve was asymmetric with the 1So peak having 
the higher intensity. The 20° peak possessed the higher intensity in the HOI 
result. No signs of hard or soft segment crystallinity were observed in any of 
the materials other than the HOI elastomer. The HOI material showed a very 
sharp peak at approximately 10°. This angle corresponds to a repeat 
distance of approximately O.SSnm and was attributed to the presence of some 
form of ordered morphology. 
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5.3.7 Tensile Testing 
The results of the tensile testing experiments performed on the materials 
produced from polybutadiene, 2000 average soft segment molecular weight, 
1,4-butanediol and either the 2,4- isomer of TOI , an 80%/20% mix of the 2,4-
and 2,6- isomers of TOI or HOI are summarised in table 5.10. The tensile test 
results of the MOl material produced employing the same soft segment and 
chain extender are included for reference. The MOl results were previously 
presented in chapter 4. All of the tensile testing experiments were performed 
as described in section 3.4.1 . 
The tensile test results for this group of materials were found broadly to follow 
the patterns that would be predicted from the results of the other analysis 
techniques reported thus far. In terms of ultimate tensile strength and 
elongation at break, the HOI material was superior to the other elastomers. 
The highest values of 100, 200 and 300% modulus were reported for the MOl 
material , whilst those for the TOI materials were particularly low and 
decreased as the material stretched and yielded in the clamps. 
The variance in the results of the TOI materials was slightly surprising as all of 
the other analysis techniques employed had shown them to possess very 
similar properties. The thermal analysis techniques had suggested that the 
ordering in the hard segments of the pure 2,4- isomer material may be slightly 
superior and this is reflected in the tensi le results . 
5.3.8 Cohesive Energy Density 
The cohesive energy densities for this series of polyurethane elastomers , 
produced from polybutadiene, average soft segment molecular weight 2000, 
1,4-butanediol and either the pure 2,4- isomer of TOI , an 80%20% mix of the 
2,4- and 2,6- isomers of TO I or HOI are presented in table 5.11 . All 
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Soft Segment and Ultimate Tensile Elongation at 100% Modulus 200% Modulus 300% Modulus 
Oiisocyanate Strength Break 1 MPa 1 MPa I MPa 
I MPa 1% 
Polybutadiene + MOl 10 450 3.4 2.6 2.3 
(2000) 
Polybutadiene + TOI (80/20) 3 530 1.0 0.7 0.6 
(2000) 
Polybutadiene + TOI 7 850 1.1 0.8 0.7 
(2000) 
Polybutadiene + HOI 14 890 3.4 2.0 1.5 
(2000) 
Table 5.10. Tenstle testing results of the polybutadlene soft segment polyurethane elastomers. 
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calculations were performed as demonstrated in the example presented in 
chapter 3. 
The cohesive energy density mismatch between the hard and soft segments 
was largest for the elastomers produced employing the two TOI variants as 
the diisocyanate. As the model calculates CEO for the whole molecule, the 
CEO values for the two isomers of TOI were identical. The second largest 
mismatch was found to be the hard segment containing HOI. However, the 
difference between the HOI and MOl material was very small compared to the 
difference between the TOI and HOI elastomers. 
The re latively large mismatch between all of the hard segments considered 
here and the polybutadiene soft segment was reflected in the slow rate of 
reaction and the fact that all the ha rd segments would separate from the 
polybutadiene soft segment if stirred briefly and left to stand. 
The polybutadiene materials had the largest thermodynamic driving force for 
phase separation to occur in this study. The FTIR spectroscopy study for 
these materials showed that the MOl material formed stronger inter-urethane 
carbonyl bonds then the other materials which all achieved similar levels. The 
DSC data showed that the MOl material , followed by the HOI material , 
contained a larger percentage of hard segments in ordered domains. 
Materials containing polybutadiene soft segments are frequently found to 
possess more than one feature attributable to a hard segment melting event. 
All of the hard segments in this group, with the exception of the pure TOI 
material , showed several clear features. The pure TOI material showed only 
one clear feature, but several other events were evident. The polybutadiene 
soft segment and the hard segments are so incompatible that the reaction 
precedes in a manner which results in a wide variety of hard segment lengths 
being formed. This results in a disperse range of segment sizes and a 
reduction in the likelihood of interaction due to spatial factors. It is possible 
that this phenomenon was observed here. This would mean that the multiple 
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endotherms are due to distinct crystalline conformations and are not indicative 
simply of relative order or disorder, but of hard segment length. This could 
also be expressed in the following manner: the polybutadiene material is so 
thermodynamically incompatible with the hard segment that almost total 
phase separation occurs. This phase separation is so thorough that the 
probability of order within hard segments increases, due to the increased 
number of possible encounters, so the domains are all more ordered than 
observed for other materials. Or the disordered domains in the polybutadiene 
material are ordered relative to the disordered domains in other materials. 
This process is also aided by the incompatibility of the materials slowing the 
rate of reaction giving an increased gel time , and, therefore, more time for the 
system to order itself. 
For this group of materials , it is possible that the TDI materials may be so 
incompatible that a wide variety of hard segment lengths are formed . This 
explains the high temperature endotherm observed for the TDI 80/20 material 
via DSC, as a small percentage of the hard segments can form very well 
ordered structures in hard segment rich regions. However, most hard 
segments will not be able to form into well organised networks due to the 
varying lengths of hard segment leaving many hydrogen bonding groups at 
the edges of domains. This effect is less pronounced for the HDI and MDI 
materials, and, hence, the endotherms observed via DSC illustrate a higher 
percentage of groups interacting. 
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Material Oiisocyanate Chain Soft Hard Hard/Soft 
(All materials were of stoichiometry 2.1 : 1 : 1, two shot and cured at CEO Extender Segment Segment Segment J/cm·3 CEO CEO 80°C as described in Chapter 3) J/cm-3 CEO CEO Mismatch (polyol avg. mol weight given in brackets) J/cm-3 Jlcm-3 Jlcm-3 
MOl: 1,4-butanediol : Polybutadiene (2000) 351.8 274.9 300.8 590.3 289.5 
TOI(80/20) : 1,4-butanediol : Polybutadiene (2000) 360.9 274.9 300.8 710.0 409.2 
TOI : 1,4-butanediol : Polybutadiene (2000) 360.9 274.9 300.8 710.0 409.2 
HOI : 1,4-butanediol : Polybutadiene (2000) 274.9 274.9 300.8 619.0 318.2 
Table 5.11. CohesIve energy densIty calculatIon results of the polybutadlene soft segment polyurethane elastomers. 
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5.4 Results and Discussion of Polyester Soft Segment Materials 
As discussed previously in section 5.1, this series of materials was produced 
with TOI 80/20, pure TOI (2,4- isomer) or HOI used as the diisocyanate, the 
2000 average molecular weight polyester or polycaprolactone as the soft 
segment and 1,4-butanediol as the chain extender. The results of the 
materials produced employing the same soft segments and chain extender, 
but MOl as the diisocyanate, previously presented in chapter 4, are presented 
here again for reference . All of the materials were produced via a two shot 
process as described in chapter 3. 
5.4.1 General Observations 
The materials produced from the reaction of polyester 141 2 or 
polycaprolactone 226 with the aromatic diisocyanates were all rigid 
white/cream elastomers. The elastomers produced from the reaction of these 
soft segments with HOI were rigid cloudy elastomers. The variants 
manufactured employing the polyester 1412 soft segment were all stiff and 
brittle when compared to their polycaprolactone analogues. 
5.4.2 Fourier-transform Infrared Spectroscopy 
The inter-urethane hydrogen bonded carbonyl absorption maxima and values 
of X, the proportion of urethane carbonyl groups participating in inter-urethane 
hydrogen bonding, determined as described in section 3.4.5, for this series of 
polyurethane elastomers are summarised in table 5.12. Values of X are not 
given for many of the materials in this series as it was not felt they could be 
determined with any accuracy. The X column for these materials contains a 
dash (-) indicating that no result was obtained. For materials where their 
spectra showed no peak in the region where the inter-urethane hydrogen-
bonded carbonyl absorption maximum would be observed, the highest 
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intensity peak related to the materials morphology is given. The 
wavenumbers of these peaks are given in brackets. 
Soft Segment Inter-Urethane Hydrogen-Bonded X 
and Oi isocyanate Carbonyl Absorption Maximum 1 (±1 cm" ) (±0.02) 
Polyester 1412 + 
MOl 1707 0.76 
(2000) 
Polycaprolactone 
+ MOl 1703 0.74 
(2000) 
Polyester 1412 + 
TOI (80/20) 1705 -
(2000) 
Polycaprolactone 
+ TDI (80/20) 1705 -
(2000) 
Polyester 141 2 + 
TOI (1723) -
(2000) 
Polycaprolactone 
+ TOI 1707 -
(2000) 
Polyester 1412 + 
HOI 1709 -
(2000) 
Polycaprolactone 
+ HOI 1714 -
(2000) 
Table 5.12. FTlR spectroscopy analyses results of polyester and 
polycaprolactone soft segment polyurethane elastomers. 
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The FTIR spectroscopy results of these materials in isolation allowed little 
scope for comment as there were no discernable patterns. Both of the soft 
segments employed in for this section of the study will form well ordered soft 
segment crystalline structures under the right conditions. This competing 
drive for order may account for the relatively weak inter-urethane hydrogen 
bonds which were observed for all of these materials with the exception of the 
polycaprolactone-MOI material. 
The materials which employed MOl as the diisocyanate produced the clearest 
spectra. The polyester 1412 material contained a slightly higher proportion of 
urethane carbonyl groups participating in inter-urethane hydrogen bonding, 
but these interactions were weaker than those found in the polycaprolactone 
226 material. 
The materials produced with TDI 80/20 as the diisocyanate had identical 
values of inter-urethane hydrogen-bonded carbonyl absorption maxima. This 
result implies the strength of the hydrogen bonds in these materials was the 
same. 
The two elastomers produced from the pure 2,4- TDI isomer gave very 
different results. The polycaprolactone material showed a peak in the region 
associated with hydrogen bonded carbonyl groups within the polyurethane 
hard segment, as was observed for all the other materials in this series. 
However, the polyester material showed a peak in a region normally 
associated with weak carbonyl interactions in an amorphous phase. It is likely 
a peak associated with inter hard segment hydrogen bonding was swamped 
by this relatively high intensi ty absorption. 
The FTIR spectroscopy results of both the HOI materials showed peaks in the 
region associated with hydrogen bonded carbonyl groups within the 
polyurethane hard segment. The strength of the interactions in the polyester 
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was notably stronger than those observed for the polycaprolactone although 
both sets were very weak. 
The results for all of the polyester materials were comparable, with the 
exception of the pure TOI result. The TOI 80/20 material contained the 
strongest inter-hard segment hydrogen bonding interactions followed by the 
MOl and HOI elastomers. The polycaprolactone soft segment materials 
showed the strongest inter-hard segment hydrogen bonding interactions in the 
MOl elastomer followed by the TOI 80/20, the pure 2,4- TOI isomer and finally 
the weakest in the HOI hard segment. 
5.4.3 Differential Scanning Calorimetry 
The results of the DSC analysis of the series of materials produced employing 
MOl, pure 2,4- TOI , TOI 80/20 or HOI and 1 ,4-butanediol as the hard segment 
and polyester 1412 or polycaprolactone 226 as the soft segment are 
summarised in table 5.13 and presented in figures 5.19 and 5.20. 
All of the materials showed step transitions in their heat flow curves at sub-
ambient temperatures. These step transitions indicated changes in the heat 
capacity at the glass transition temperature (T g) of the soft segment. A value 
of T 9 was assigned to this transition by obtaining the point of curve inflection 
of the heat flow curve. All of the materials in this series exhibited endothermic 
features in their heat flow curves due to dissociation or melting events. The 
peak temperatures of these events were assigned the designation T m and 
marked (SS) if they were due to dissociation or melting within the soft 
segment. All T m events not designated (SS) should be considered to have 
been designated as phase separated hard segment domain melting. 
If the glass transition temperature of the material is taken as an indication of 
the degree of phase mixing present, the lower the glass transition temperature 
the less hard segment is mixed in with the soft segment, then the degree of 
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phase separation in the HOI material was significantly greater than found in 
the other polycaprolactone materials. 
All of the polycaprolactone elastomers, with the exception of the MOl material , 
showed signs of soft segment crystallinity in their DSC traces. The shape and 
position of the soft segment melting endotherms suggested that the TOI 80/20 
contained the purest, most ordered soft segment crystallinity. 
Soft Segment and 
T m 1(±2.0°C) T 9 1(±2.0°C) 
Oiisocyanate 
Polyester 1412 + MOl 
40(SS) , 141 -42 (2000) 
Polycaprolactone + MOl 
153 -42 (2000) 
Polyester 1412 + TOI 
(80/20) 47 (SS) -30 
(2000) 
Polycaprolactone + TOI 
(80/20) 39 (SS) -32 
(2000) 
Polyester 1412 + TOI 
34 (SS), 43 (SS) -50 (2000) 
Polycaprolactone + TOI 
37(SS) -40 (2000) 
Polyester 1412 + HOI 
47 (SS) , 110 -53 (2000) 
Polycaprolactone + HOI 
25 (SS) , 47, 69, 109 -56 (2000) 
Table 5. 13. DSC analyses results of polyester and polycaprolactone soft 
segment polyurethane elastomers. 
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The shoulder on the melting endotherm in the pure TOI trace indicated a 
slightly lesser level of regularity. The soft segment melting endotherm of the 
HOI elastomer was markedly shallow and broad compared to the TOI 
variants. These observations could be interpreted as a mark of how strong 
was the drive to form ordered hard segments in each of these materials. The 
drive to form ordered hard segment domains was strongest in the MOl 
elastomer, hence no sign of soft segment crystallinity. The other materials 
showed the drive to form soft segment crystalline domains over-rode the drive 
to form ordered hard segments to a greater or lesser degree. The size and 
shape of the soft segment melting endotherms indicated that the HOI 
possessed the second strongest drive to form 
followed by the pure TOI and finally the TOI 80/20. 
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Figure 5. 19. DSC analyses results of polycaprolactone soft segment 
polyurethane elastomers. 
The features which were attributed to hard segment melting events indicated 
that the most ordered domains were found in the MOl material followed by the 
HOI material. Little evidence of hard segment domain order was apparent for 
the two TOI variants. These results suggest that the relatively strong inter-
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urethane hard segment hydrogen bonding interactions suggested by FTIR 
spectroscopy must represent only a small percentage of hard segment 
carbonyl groups. 
As previously stated, if the glass transition temperature of the material is 
taken as an indication of the degree of component mixing present, the lower 
the glass transition temperature the less hard segment is mixed in with the 
soft segment, than the degree of phase separation in the HOI material was 
significantly greater than found in the other polyester materials. The pure TOI 
elastomer, which gave the anomalous FTIR result, also gives an unusually 
low glass transition temperature via ~SC. All of the other groups of materials 
in this chapter showed the two TOI variants to be the least well phase 
separated based on this metric. However, this group of materials shows the 
pure TOI material to possess a superior degree of phase separation 
compared to the MOl elastomer. 
-MOl 
- TOI 
-T0180120 
- HOI 
ElOUp 
"" 
, 
,00 15' 200 
Figure 5.20. DSC analyses results of polyester soft segment polyurethane 
elastomers. 
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All of the polyester materials show signs of soft segment crystallinity. The 
characteristics of the HOI elastomer were not clear when plotted on the same 
scale as the other materials in th is group. So, its DSC trace has been 
reproduced on a different scale in figure 5.20a. The fact that the features 
were not clear on the original plot might have been interpreted as an 
indication of a relatively amorphous morphology. This postulation was not 
corroborated by the experimental results for this material. The shapes and 
positions of the soft segment melting endotherms suggest that the TOI 80/20 
material contains the most ordered soft segment structure, followed by the 
pure TOI, which appeared to contain more than one crystalline form or degree 
of ordering, and MOl materials. Although the melting temperature of the HOI 
soft segment structure was re latively high, the endotherm is very broad 
suggesting a lack of regularity. 
---
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Figure 5.20a. DSC analyses results of polyester soft segment polyurethane 
elastomers. (Altered scale). 
The HOI trace also shows a melting endotherm attributed to a hard segment 
melting event. This was also broad indicating many hard segment 
environments. As with the polycaprolactone materials , the MOl hard segment 
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appeared to be the most ordered followed by the HOI. There was little sign of 
hard segment order for either TOI variant. 
5.4.4 Modulated-temperature Differential Scanning Calorimetry 
The M-TOSe analyses of the majority of the materials in this series did not 
show any significant variance from the results obtained via conventional DSC 
analyses. All of the materials showed endotherms in the non-reversing heat 
flow at the same temperatures that they displayed endothermic features in the 
heat flow. The M-TOSe trace for the polycaprolactone 226, 1,4-butanedol 
and HOI material has been included as a typical example (Figure 5.21). The 
appearance of the endotherm in both the heat flow and non-reversing heat 
flow indicates that these events were subject to kinetic control. This is 
consistent with their assignment as hard segment melting events. 
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Figure 5.21. M-TOSe results of polycaprolactone 226/HOI material. 
5.4.5 Dynamic Mechanical Thermal Analyses 
The materials all displayed peaks in the value of tan 0 and simultaneous falls 
in the value of log E' indicative of the Tg of the soft segment(1371. Some of the 
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materials in this series also displayed increases in the value of tan l) and 
simultaneous decreases in the value of log E' at higher temperatures. The 
temperatures at which these changes occurred were coincident with 
endotherms observed in the DSC and M-TOSC analyses. Where these 
features were considered to be due to the melting of phase separated hard 
segment domains, they were designated T m. Those materials where the tan 
delta curve indicated the material had softened in the OMTA clamps before 
any such features could be observed are denoted in the T m column of the 
results table with the symbol M. 
Soft Segment and Oiisocyanate T g /(±2.0°C) T m /(±2.0°C) 
Polyester 1412 + MOl 
-18 (M) 52 (2000) 
Polycaprolactone + MOl 
-26 (M) 39 (2000) 
Polyester 141 2 + TOI (80/20) 
12 (M) 39 (2000) 
Polycaprolactone + TOI (80/20) 
-15 (M) 37 (2000) 
Polyester 1412 + TOI 
14 (M) 35 (2000) 
Polycaprolactone + TOI 
-21 (M) 38 (2000) 
Polyester 1412 + HOI 
-32 (M) 35 (2000) 
Polycaprolactone + HOI 
-37 (M) 41 (2000) 
Table 5.14. DMTA analyses results of polyester and polycaprolactone soft 
segment polyurethane elastomers. 
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The glass transition temperatures of the polycaprolactone materials 
suggested that the HOI material possessed the most phase separated 
morphology, followed by the MOl, the pure 2,4- TOI material and finally the 
TOI 80/20 elastomer. 
Examination of the tan delta curves showed that all of the elastomers in this 
group softened at the same temperature. This suggested that this event was 
controlled by the soft segment. Although all of the materials softened at the 
same temperature, the two TOI elastomers, for which the OMTA results were 
very similar, immediately started to stretch and flow in the clamps whilst the 
HOI and MOl materials maintained their dimensional stability to a higher 
ultimate temperature. 
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Figure 5.22. DMTA tan 0 results of polycaprolactone soft segment materials. 
This indicated that the reinforcement provided by the hard segment domains 
was significantly greater in the HOI and MOl materials. The peak in the tan 
delta curve of the MOl hard segment material was noticeably sharper than 
was observed for the other hard segments employed. Although the glass 
transition temperatures suggested the HO I material possessed the most 
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phase separated morphology, the relative shape of the peaks may indicate 
that there were fewer soft segment environments present in the MOl 
elastomer. 
The low temperature modulus values of all of the elastomers were very 
similar. The modulus of the MOl material rapidly dropped away whilst the 
other material maintained similar values for modulus until the soft segment 
melted. The glass transition temperatures of the polyester materials followed 
the pattern observed throughout this chapter. The HOI material had the 
lowest glass transition temperature followed by the MOl material , and, finally, 
the two TOI variants . As with the other groups of materials this suggests the 
highest levels of phase separation occur in the HOI elastomer followed by the 
MOl and finally the two TOI materials. 
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Figure 5.23. DMTA modulus results of polycaprolactone soft segment 
materials. 
As was observed for the polycaprolactone elastomers, the TOI materials both 
rapidly lost dimensional stability once the soft segment melted. The HOI and 
MOl elastomers showed a sign ificantly slower rate of decline in properties. All 
of the materials produced from the polyester soft segment have flat, broad 
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peak tan delta curves. The initial modulus value of the MOl elastomer was 
significantly lower than that observed for the other elastomers. The HOI and 
two TOI variants low temperature modulus values were similar and remained 
so until the soft segment melted. A possible explanation for this observation 
is that structural effects have over-ridden the thermodynamic factors in 
deciding the structures of the hard and soft segments. 
The MOl and HOI hard segments have a smaller CEO mismatch than the two 
TOI hard segments. However, the linear nature of the MOl and HOI and the 
absence of any large pendant groups around the reactive isocyanate groups 
may increase the ease with which these hard segments pack. 
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Figure 5.24. DMTA Tan 0 results of polyester 1412 soft segment materials. 
For this group of materials, the soft segment crystallinity appeared to 
dominate the morphology. It seems likely that the soft segment crystallises 
and the hard segments must adopt what conformations they can around this. 
The MOl and HOI differ from the two TOI materials as outlined above. The 
MOl differs from the HOI in its size, mobility within the mix and its flexibility. It 
is possible that these differences meant the morphology of the MOl is less 
dominated by the soft segment crystallinity, and, therefore , the modulus 
differs significantly. 
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Figure 5.25. DMTA modulus results of polyester 1412 soft segment 
materials. 
5.4.6 Wide Angle X-Ray Scattering 
- MOl 
- T0 18Ol20 
-Pure TDI 
HOI 
The results of the WAXS analysis of the materials in this group are presented 
in figures 5.26 and 5.27. 
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Figure 5.26. WAXS results of polycaprolactone 226 soft segment materials. 
200 
Chapter 5 The Influence of Dilsocyanate Structure 
The WAXS results of the polycaprolactone with the MOl based hard segment 
material showed a broad diffuse scattering peak with maximum intensity at a 
20 value of approximately 20° This was attributed to scattering from an 
amorphous arrangement of chain segments(140) The WAXS results of the 
other materials in this group showed several features. The HOI hard segment 
material produced a WAXS trace which appeared to indicate the presence of 
a significant volume of amorphous material with some order contained within 
it. The HOI hard segment material showed two sharp peaks at 20 values of 
approximately 21 ° and 24° and a very small feature at approximately 13°. The 
two TOI materials showed much higher intensity peaks and the shape of their 
traces implied a much lower volume of amorphous material. In addition to the 
two large features observed for the HOI hard segment elastomer, the two TOI 
variants both displayed a large feature at a 20 value of approximately 22° and 
smaller features at 30° and 16°. The 20 values of the HOI peaks, 13°, 21 ° 
and 24°, correspond to repeat distances of O.68nm, 0.42nm and O.37nm, 
respectively. The 20 values of the TOI peaks, 16°, 21 °, 22°, 24° and 30° 
correspond to repeat distances of 0.55nm, 0.42nm, 0.40nm , O.37nm and 
0.30nm , respectively. The peaks at 21 °, 22° and 24° are attributed to soft 
segment crystalline structures. The other peaks are of much lower intensity 
and would appear to indicate the presence of some form of hard segment 
crystalline structure. The relative shapes and intensities of the curves 
appears to corroborate earlier statements that where soft segment crystallinity 
can occur the TOI materials are significantly more driven by this process then 
the drive for order in the hard segment. 
The WAXS results of the polyester 1412 and MOl based hard segment 
material showed two sharp peaks with maximum intensity at a 20 values of 
approximately 22° and 24°. These were attributed to scattering from soft 
segment crystalline structures. The WAXS results of the other materials in 
this group showed several featu res. As was observed for the 
polycaprolactone, the HOI hard segment material produced a WAXS trace 
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which appeared to indicate the presence of a larger volume of amorphous 
material compared to the TOI variants. The HOI hard segment material 
showed sharp peaks at 20 values of approximately 22°, 23° and 24° and two 
very small features at approximately 14° and 29°. The two TOI materials 
showed much higher intensity peaks and the shape of their traces implied a 
much lower volume of amorphous material. The two TOI variants both 
displayed a large feature at a 20 value of approximately 21 °, 22° and 24° and 
a smaller feature at 30°. The 20 values of the HOI peaks, 14°, 22°, 23°, 24° 
and 29° correspond to repeat distances of 0.63nm, OAOnm, 0.39nm , 0.37 and 
0.31 nm, respectively. The 20 values of the TOI peaks, 21 °, 22°, 24° and 30° 
correspond to repeat distances of OA2nm, OAOnm, 0.37nm and 0.30nm, 
respectively. The peaks at 21 °, 22°, 23° and 24° are attributed to soft segment 
crysta lline structures. The other peaks are of much lower intensity and would 
appear to indicate the presence of some form of hard segment crystall ine 
structure. The relative shapes and intensities of the curves appear to 
corroborate earlier statements that where soft segment crystallinity can occur 
the TOI materials are significantly more driven by this process then the drive 
for order in the hard segment. 
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Figure 5.27. WAXS results of polyester 1412 soft segment materials. 
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5.4.7 Tensile Testing 
The results of the tensile testing analysis performed on th is series of materials 
are summarised in table 5.15. 
All of the hard segments, with the exception of the MO l material , showed 
higher values of ultimate tensile 
segment than for polyester 1412. 
strength for the polycaprolactone soft 
It is possible the MOl hard segment 
material was the exception to this trend, as the previous results from this 
section had demonstrated that it was better able to form hard segment 
domains despite the strong drive for soft segment crystall inity. The polyester 
1412 materials show that the benefits of soft segment crystall isation can be 
outweighed by the disruption caused to hard segment structures if the 
balance shifts too far. The effect of soft segment crystallin ity dominating the 
morphology of the materials was further demonstrated by the exceptionally 
low values of elongation at break observed for the two polyester 1412rrOl 
based materials. The pattern observed for the ultimate tensile strength results 
of the polyester 1412 materials corroborates the DSC data which showed the 
same pattern . 
The reduced driving force for soft segment crystallinity in the polycaprolactone 
soft segment was reflected in the tensile testing results. All of the elastomers 
showed elongation at break values which were in the range expected from 
materials of th is type. If the model applied to the polyester 1412 material 
were applied here, the MOl material would be expected to have the highest 
ultimate tensile strength followed by the HOI and then the two TOI materials. 
However, this group showed the MOl and TOI 80/20 had, within experimental 
error, the same result followed by the pure TOI, and, finally, the HOI 
elastomer. The elongation at break value for HOI was substantially lower than 
the two TOI materials and the MOl value was even lower again . This could be 
interpreted as the difference between two materials where the hard segment 
re inforcement mechanism dominates, the MOl and HOI, and the TO I materials 
203 
Soft Segment and Ultimate Tensile Elongation at 100% Modulus 200% Modulus 300% Modulus 
Oiisocyanate Strength Break 1 MPa 1 MPa 1 MPa 
1 MPa 1% 
Polyester 1412 + MOl 
(2000) 36 530 5.9 3.1 3.2 
Polycaprolactone + MOl 
(2000) 30 490 2.4 1.6 1.6 
Polyester 1412 + TOI (80/20) 
(2000) 14 30 - - -
Polycaprolactone + TOI 
(80/20) 30 900 4.6 2.3 1.6 
(2000) 
Polyester 1412 + TOI 
(2000) 8 "'20 - - -
Polycaprolactone + TOI 
(2000) 21 960 5.0 2.5 1.7 
Polyester 1412 + HOI 
(2000) 13 630 8.6 4.3 3.1 
Polycaprolactone +HOI 
(2000) 16 760 5.6 3.5 2.9 
Table 5.15. Tensile testing results of the polyester and polycaprolactone soft segment polyurethane elastomers. 
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where soft segment character dominates. This would fit the data from the 
previous analysis techniques. 
5.4.8 Cohesive Energy Density 
The cohesive energy densities for this series of polyurethane elastomers 
produced from polycaprolactone 226 or polyester 1412, average soft segment 
molecular weight 2000, 1,4·butanediol and either the pure 2,4· isomer of TOI , 
an 80%20% mix of the 2,4- and 2,6- isomers of TOI or HOI are presented in 
tabl e 5.16. All calcu lations were performed as demonstrated in the example 
presented in chapter 3. 
The cohesive energy density mismatch between the hard and soft segments 
was largest for the elastomers produced employing the TOI variants as the 
diisocyanate. As the model calculates CEO for the whole molecule, the CEO 
values for the two isomers of TOI were identical. The second largest 
mismatch was found to be the hard segment containing HOI. However, the 
difference between the HOI and MOl material was very small compared to the 
difference between the TOI and HOI elastomers. All of the cohesive energy 
density mismatches, for the respective hard segments, were higher for the 
polyester 1412 materials. 
The morphology of the polyester 1412 materials was dominated by the drive 
for soft segment crystallisation . The regularity of the structure in th is polyester 
meant the drive for this to occur was perhaps greater than for other materials 
of this type. This drive for soft segment crystallinity was exacerbated by the 
relatively high cohesive energy density mismatch between the TOI hard 
segments and the soft segment. This large mismatch may have resulted in 
many small disordered domains being formed increasing the number of hard 
segment groups at the edge of domains which forced the glass transition 
temperature up, but did not profoundly reduce the purity of the soft segment. 
The lower mismatch of the MOl and HOI materials resulted in a more regular 
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hard segment structure being formed where more hard segment hydrogen 
bonding groups were interacting with other hard segment hydrogen bonding 
groups. A combination of reduced hard segment/soft segment CEO 
mismatch and the reduced regularity of the polycaprolactone made the 
morphology of the polycaprolactone materials more like that observed for 
other materials in this study. The reduced drive for soft segment crystallinity 
allowed the formation of hard segment domains with a degree of order even 
in the TOI materials. These materials showed that the CEO of the 
components in a formulation is perhaps of secondary importance, within 
certain parameters, to their structural regularity. 
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Material Diisocyanate Chain Soft Hard Hard/Soft 
(All materials were of stoichiometry 2.1:1:1, two shot and cured at CED Extender Segment Segment Segment J/cm·3 CED CED 80°C as described in Chapter 3) J/cm-3 CED CED Mismatch (polyol avg. mol weight given in brackets) J/cm·3 J/cm·3 J/cm·3 
MDI : 1,4-butanediol : Polyester 1412 (2000) 351.8 274.9 374.8 590.3 215.5 
MDI : 1,4-butanediol : Polycaprolactone (2000) 351.8 274.9 389.8 590.3 200.5 
TDI : 1,4-butanediol : Polyester 1412 (2000) 360.9 274.9 374.8 710.0 335.2 
TDI : 1,4-butanediol : Polycaprolactone (2000) 360.9 274.9 389.8 710.0 320.2 
TDI (80/20) : 1 ,4-butanediol : Polyester 1412 (2000) 360.9 274.9 374.8 710.0 335.2 
TDI(80/20) : 1,4-butanediol : Polycaprolactone (2000) 360.9 274.9 389.8 710.0 320.2 
HDI: 1 ,4-butanediol : Polyester 1412 (2000) 274.9 274.9 374.8 619.0 244.3 
HDI : 1,4-butanediol : Polycaprolactone (2000) 274.9 274.9 389.8 619.0 229.3 
Table 5.16. Cohesive energy density calculation results of the polyester and polycaprolactone soft segement polyurethane 
elastomers. 
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5.5 Conclusions 
The results of the CEO calculations for the PTMG materials showed that the 
two TOI variants had a substantially larger thermodynamic drive to phase 
separate than the materials produced with MOl and HO!. However, the 
practical results did not provide evidence to support this postulation. 
Consideration of the thermal data for all of the soft segments employed 
consistently showed that the MOl and HOI materials possessed a higher 
degree of phase separation and generally a higher percentage of hard 
segments in well ordered domains then the TOI variants. 
The structure of the soft segment and the average soft segment molecular 
weight were found to have a profound influence on the phase morphology of 
the elastomers produced from them. All of the materials synthesised gave 
test results which suggested they were phase separated to a greater or lesser 
degree. 
Where large scale soft segment crystallinity was feasible, the drive to order 
the soft segment appears to dominate the drive to order the hard segment. 
This phenomenon was particularly noticeable for polyester 1412 which had a 
very regular soft segment and forms very well ordered regions of soft segment 
crystallinity. 
Although the cohesive energy density calculations appear to predict 
accurately the level of thermodynamic drive for phase separation, they do not 
give any indication of the form the hard and soft segment domains will adopt. 
This is due to other factors which will have a more significant influence on the 
form of the domains. These factors include, hard segment content, soft 
segment molecular weight and in some systems geometry, symmetry, polar 
groups and steric factors. 
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Consideration of all of the data for this series of materials suggests that, as 
was mentioned for the polybutadiene material in chapter 4, the CED 
mismatch for the TDI materials may have been high enough to prevent the 
formation of a regular structure. This high mismatch resulted in a wide variety 
of hard segment lengths. This could have led to a small percentage of hard 
segments forming very well ordered domains, while the majority struggle to 
match up with hard segments of comparable size. This will result in many 
hard segments being at the edge of small domains, and, therefore, effectively 
mixed in with the soft segment. 
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Chapter 6 Cn a,w-Diol Chain-Extended Polyurethanes 
6.1 Results and Discussion 
A series of polyurethanes using poly(tetramethylene oxide) glycol (PTMG, 
Terathane@ 1000), 4,4'-methylenebis(phenyl isocyanate) (MOl) and various 
chain extenders were synthesised as described in chapter 3. 
The chain extenders employed in this part of the study were 1,3-propanediol, 
1,4-butanediol, 1,5'pentanediol, 1,6-hexanediol, 1,7 -heptanediol, 1,8-
octanediol, 1 ,9-nonanediol and 1,1 O-decanediol. 
This series of aliphatic diol chain extenders enabled comment to be made on 
several aspects of the structure-property relationships and CED 
considerations which may drive phase separation in these materials. 
6.1.1 General Observations 
All of the materials synthesised in this section of the study were opaque 
elastomers with an off-white/yellow tint. The majority of the materials 
produced were easy to process and produced high quality samples on which 
all of the analysis techniques were performed. The exception to this was the 
material produced employing 1,6-hexanediol as the chain extender. The 
samples produced from this chain extender frequently contained small voids. 
The chain extender was degassed to ensure no moisture was present and 
several repetitions of the synthesis were required to produce a void free 
sample. 
6.1.2 Fourier transform Infrared Spectroscopy 
The inter-urethane hydrogen bonded carbonyl absorption maxima and values 
of X, were determined as described chapter 3. Inter-urethane hydrogen-
bonded carbonyl absorption maxima and X values for this series of 
polyurethane elastomers are summarised in table 6.1. 
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The inter-urethane absorption maximum of the 1,4-butanediol material 
occurred at a lower wave number than was observed for the other materials in 
the series, The value of X, the fraction of hard segments participating in inter-
urethane hydrogen bonding, was, when experimental error was taken into 
account, broadly the same across the series, although a definite increase was 
seen for the 'longer' chain extenders. Both of these observations are 
attributable to the geometry of the chain extenders. 
Inter-Urethane Hydrogen-Bonded X 
Chain Extender Carbonyl Absorption Maximum / (±1cm·1) (± 0.02) 
1,3-Propanediol 1706 0.69 
1,4-Butanediol 1704 0.64 
1 ,5-Pentanediol 1709 0.63 
1,6-Hexanediol 1709 0.65 
1,7-Heptanediol 1709 0.66 
1,8-0ctanediol 1708 0.68 
1,9-Nonanediol 1705 0.69 
1,10-Decanediol 1706 0.71 
Table 6.1. FTIR spectroscopy analyses of matenals wIth a,w-dlol cham 
extenders. 
The geometry of the 1,4-butanediol allows it to form very strong bonds in a 
well organised structure, although its short length means that some of the 
bonds will be formed in a way which results in one of the possible two 
hydrogen bonds not forming at the edge of domains. The 'longer' chain 
extenders, the 1,8-,1,9- and 1,10- diols, will not form such well ordered 
domains or such strong hydrogen bonds, but the increase in flexibility does 
increase the chance of available hydrogen bonding groups forming 
interactions. 
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The general trend in the results from the 1,5-pentanediol chain extended 
material to the 1,1 O-decanediol chain extended material was for the fraction of 
hard segments participating in inter-urethane hydrogen bonding to increase, 
whilst the wavenumber at which the carbonyl absorption was seen, 
decreased. The 1,5-pentanediol, 1,6-hexanediol and 1,7-heptanediol 
materials have lower fractions of hard segments taking part in hydrogen 
bonding and the carbonyl adsorption maxima for these materials showed that 
those bonds that did form were weaker than for the other materials. Although 
taking into account experimental errors, these observations can only be 
considered to illustrate a general trend and not specific individual material 
properties. These observations may be explained by the molecular modelling 
results shown in figures 6.1 to 6.3. 
y 
• 
Figure 6.1 . Bi-directional hydrogen bonding in 1,4-butanediol elastomer. 
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The figures illustrate the modelled predictions calculated for the inter-urethane 
hard segment hydrogen bonding in three of the materials . Figure 6.1 shows 
the hydrogen bonding in the 1,4-butanediol material with the all trans, planar 
zig-zag conformation(152) that 1,4-butanediol exists in under standard 
conditions. This symmetry allows very effective bi-directional inter-hard 
segment interactions to occur, a fact which is reflected by the relatively high 
value of X and low wavenumber value observed for this material. 
Figure 6.2. Restricted hydrogen bonding in 1,5-pentanediol material. 
The model prediction for 1,5-pentanediol , shown in figure 6.2, shows half of 
the possible hydrogen bonding groups will not interact due to steric factors 
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forcing these groups perpendicular to each other rather than co-planar. This 
situation changes when the number of CH2 units is greater than 5 and the 
chain extender becomes flexible enough for the backbone to twist and allow 
bi-directional hydrogen bonding to occur. This was observed as the 
wavenumber of the inter-urethane hydrogen bond maxima started to fall , 
whilst X increased from 1,6-hexanediol to 1,10-decanediol. The hydrogen 
bonds in all of the materials, including those with bi-directional hydrogen 
bonds, were weaker than those seen for the 1,4-butanediol chain extended 
material since its planar symmetrical structure allows a greater proportion of 
short distance interactions to occur resulting in a well-defined structure. 
Figure 6.3. Increased flexibility in 1,6-hexanediol material. 
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The difference in properties between materials with odd/even numbers of -
CH2- units in the chain extender described in other studies(146-153) was not 
observed here via FTIR spectroscopy. 
6.1.3 Differential Scanning Calorimetry 
The results of the DSC analysis of the materials discussed in this chapter are 
shown in figure 6.4 and summarised in table 6.2. 
Chain Extender T m/(±2.0°G) T g /(±2.0°G) 
1 ,3-Propanediol 153 -42 
1,4-Butanediol 141,162 -45 
1 ,5-Pentanediol 134 -44 
1,6-Hexanediol 134 -38 
1,7-Heptanediol 131 -40 
1 ,8-0ctanediol 131 -40 
1,9-Nonanediol 121 -42 
1 ,1 O-Decanediol 125/129 -40 
Table 6.2. DSC results of a,w-dlol cham extended polyurethanes. 
The soft segment (PTMG) Tg, which are a function of changes in heat 
capacity, of all of the materials were seen as step transitions at sub-ambient 
temperatures. The values of Tg shown in table 6.2 were determined as the 
point of inflection of the transition shown in the heat flow curve. The DSC 
results of all of the materials in this chapter also showed endotherms in their 
heat flow curves which are an effect caused by changes in heat capacity of 
the materials caused by melting (T m) or dissociation of hard segment 
domains. 
The values of Tg were similar for all of the materials in this series. Work 
performed by Cooper et al.(137) suggests that in phase separated 
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polyurethanes the amount of hard segment dissolved within the soft segment, 
or the degree of phase separation, has a direct impact upon the soft segment 
Tg. The temperature at which the soft segment Tg is observed increases as 
the amount of phase separation decreases due to the reduced soft segment 
mobility caused by the hard segment structures. Therefore, the consistent 
values of T 9 observed suggest that all of the materials examined here are 
phase separated to a similar degree. 
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DSC results of a/iphatic a,w-dio/ chain extended polyurethanes. 
The T m endotherms for the 1,3-propanediol and 1,4-butanediol chain 
extended materials occurred at significantly higher temperatures than those of 
the other materials in the series. The results given in the table for 1,3-
propanediol are perhaps slightly misleading. If they are considered with figure 
6.4, a more complete picture emerges. The DSC trace shows that the melting 
endotherm for the 1 ,3-propanediol chain extended material was much smaller 
than those observed for all of the other materials in the series. This implied 
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that the well ordered domains suggested from the table of data probably 
comprise only a small amount of the phase separated material. 
The T m endotherms for the remaining materials showed a definite downward 
trend in the temperatures at which they occurred until the 1,1 O-decanediol 
chain extended material where T m increased again, although not to the 
temperatures observed for the 1,3- and 1,4- chain extended materials. This 
decrease in T m for the 'longer' chain extenders indicated that although the 
materials may be phase separated to a similar degree, the domains are 
significantly more ordered in the materials with the shorter more rigid chain 
extenders. 
The melting endotherms for the 1,1 O-decanediol chain extended material was 
quite broad and suggested that many different conformations were being 
adopted in the hard segment domains. The slight upturn in T m observed for 
the 1,1 O-decandiol material may be due to the extra -CH2- unit allowing just 
enough increased flexibility to facilitate stronger interactions giving a slightly 
more ordered domain than was observed for the 1,9-nonanediol material. 
Several of the materials in this series showed a small melting endotherm at 
approximately 50°C. These low temperature endotherms have been 
attributed to less ordered cyrstalline hard segment structures(235). 
6.1.4 Modulated-temperature Differential Scanning Calorimetry 
The M-TDSC analyses were carried out as described in chapter 3. The M-
TDSC results did not illustrate any significant differences to those obtained via 
conventional DSC analysis. The trace for 1,5-pentanediol is shown below as 
an example of a typical trace (figure 6.5). 
The endothermic feature between 50°C and 60°C is much clearer on the M-
TDSC result than the conventional DSC. This was observed on the M-TDSC 
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traces for all of the materials in this series. The increase in clarity of these 
features is likely to be due to the reduced temperature ramp rate employed 
with this technique. The appearance of the endotherm in both the heat flow 
and non-reversing heat flow indicates that these events were subject to kinetic 
control. This is consistent with their assignment as hard segment melting 
events . 
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Figure 6.S. M-TOSe trace of the 1,S-pentanedio/ chain extended e/astomer. 
6.1.5 Dynamic Mechanical Thermal Analyses 
The DMTA results of the materials synthesised with the various chain 
extenders are summarised in table 6.3 and shown in figures 6.6a, 6.6b and 
6.7 The materials all displayed peaks in the value of tan 8 at sub-ambient 
temperatures and simultaneous falls in the value of log E' indicative of the T 9 
of the soft segment(137) . The materials also displayed increases in the value 
of tan 8 and simultaneous decreases in the value of log E' at higher 
temperatures . The temperatures at which these changes occurred were 
generally coincident with endotherms observed in the DSC and M-TDSC 
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analyses. These features were, therefore, considered to be due to the 
melting, or dissociation, of phase separated hard segment domains and were 
designated T m. 
Chain Extender T 9 1(±2 .0°C) T m 1(±2.0°C) 
1,3-Propanediol -14 120 
1,4-Butanediol -17 128 
1,5-Pentanediol -12 132 
1,6-Hexanediol -10 133 
1,7-Heptanediol -15 127 
1,8-0ctanediol -15 128 
1,9-Nonanediol -15 117 
1,10-0ecanediol -16 118 
Table 6.3. DMTA results of a,w-d/OI chain extended polyurethanes. 
The values of T 9 for this series of materials were very similar when analysed 
via OMTA. The only possible exceptions to this uniformity were the materials 
produced employing 1,4-butanediol or 1,6-hexanediol as the chain extender. 
Work performed by other research groups(137) suggests that in phase 
separated polyurethanes the amount of hard segment dissolved within the 
soft segment, or the degree of phase separation, has a direct impact upon the 
soft segment Tg. The temperature at which the soft segment Tg is observed 
increases as the amount of phase separation decreases due to the reduced 
soft segment mobility caused by the hard segment structures. The Tg 
observed for the 1,4-butanediol material suggests that the degree of phase 
separation in this elastomer may well be greater than for the others in the 
series, whilst that for the 1,6-hexanediol material suggests a slightly lower 
level of phase separation. 
The modulus values for all of the materials, except the 1,6-hexanediol , 
material dropped by a similar amount as the temperature was increased. 
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These decreases in modulus and corresponding increases in tan delta are 
considered to be indicative of hard segment domain disruption. As the 
temperature was increased, the kinetic energy of the molecules within the 
system increases, and, therefore, the molecular mobility within the material 
will also increase. This increase in molecular mobility results in the disruption 
of hard segments and a corresponding diminishing in their reinforcing 
influence. As this reinforcing benefit is reduced by the dissolution of the 
phase separated domain morphology, the modulus is reduced. 
Figure 6.6a. Tan delta DMTA results of cr,w-diol chain extended 
polyurethanes. 
l ,3·propanediol 
- l ,4-buLllnediol 
- 1,5-penlanedlol 
- 1.6-hexane<:liol 
Although the 1,3-propanediol material showed a similar drop in modulus to 
the other materials in this series, it starts and finishes at significantly lower 
levels. The DSC results for this material showed that a small percentage of 
the hard segment domains in th is material are well ordered. However, the 
majority of the hard segments in this material will be poorly ordered and large 
well-ordered hard segment domains will not be formed. This will result in a 
diminished level of reinforcement when compared to other materials in the 
series. 
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From the 1,6-hexanediol to 1,9-nonanediol, the materials in this series 
showed a clear step in the modulus between 50 and 70 QC. A small feature is 
also discernable in the modulus curve of the 1,5-pentanediol material. 
Features were also observed at similar temperatures in the DSC and M-
TDSC traces and were designated as poorly ordered hard segments melting. 
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Figure 6.6b. Tan delta OMTA results of a,w-diol chain extended 
polyurethanes. 
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The 1,6-hexanediol material showed a much larger fall in modulus in this 
temperature range than any of the other elastomers. This result implies that a 
significant percentage of the hard segment domains in this material were 
poorly ordered, and, therefore, were melting at the lower temperature. This 
postulation is supported by the higher T g measured for this material via both 
DMTA and DSC. It is possible that the increased flexibility of the 1,6-
hexanediol molecule allows sufficient flexibility for interactions to occur 
between hydrogen bonding groups, but is not significantly flexible for strong 
interactions to occur. Therefore, a rapid fall in modulus was observed at low 
temperature as these weak bonds are broken. The overall drop in modulus, 
associated with the melting of hard segment domains is comparable for all of 
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the materials with the exception of the 1,3-propanediol chain extended 
elastomer. 
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Figure 6.7. DMTA modulus results ofa,w-diol chain extended 
polyurethanes. 
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The similar values of T 9 observed suggest that the majority of the materials 
examined here are phase separated to a similar degree. The 1,4-butanediol 
materials appeared to be sl ightly better phase separated, whilst the 1,6-
hexanediol material was slightly less well phase separated. The 1,3-
propanediol material appeared to have a similar level of phase separation to 
the majority of materials in this series, but, due to its geometry, the order 
within these domains is poor and they impart little or no reinforcing benefit. 
These statements are in general agreement with the results produced via the 
other analysis techniques employed. 
6.1.6 Wide Angle X-Ray Scattering 
The main feature observed for most of the materials was a diffuse scattering 
peak with a maximum intensity at a value of 28 of approximately 20°. This 
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type of large diffuse scattering peak can be attributed to scattering from an 
amorphous arrangement of chain segments(1 40). The trends observed in the 
WAXS results for this series are illustrated in figure 6.8. 
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Figure 6.8. WAXS results of PTMG 1000 soft segment, MOl and a,w-diol 
chain extenders. 
The high intensity diffuse scattering peak observed for the materials in this 
series was generally symmetrical and as maximum intensity was approached 
no features were observed. However, the 1,5- and 1,7- materials were 
asymmetric and presented a significant feature at a 20 angle of 
approximately 18.5°. The 1,8-octanediol chain extended material presented a 
sharp peak with a 20 angle of approximately 19°. These angles of 20 
correspond to repeat distances of approximately O.96nm. These observations 
were considered to indicate the presence of an ordered domain morphology. 
In addition to the large diffuse scattering peak all of the materials, with the 
exception of the 1,4-butanediol extended material , presented a low intensity 
shoulder. This shoulder occurred at a 20 angle from 11 °, for the 1,3-
propanediol elastomer, gradually decreasing to 9° for the 1,8 octanediol 
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material and beyond, This trend in 20 angle was consistent through the 
series with the exception of the 1 ,4-butanediol material. These angles of 20 
correspond to repeat distances of approximately 0.80nm and 0.98nm, 
respectively. These shoulders indicated the presence of some form of 
ordered domain morphology. Similar features have been reported in the 
Iiterature(1 47) and were attributed to less well ordered hard segment domains. 
Th is would explain the absence of the shoulder from the WAXS results of the 
1 ,4-butanediol chain extended material , which , due to its geometry, produces 
significantly more ordered hard segment domains. These results also 
corroborate the DSC results which suggested the presence of disordered hard 
segment structures for the majority of materials in this series. 
6.1.7 Tensile Testing 
The results of the tensile testing experiments performed on the PTMG 
1000/MDI/Cn a,eo-diol chain extended polyurethane elastomers (where n= 3, 
4, 5, 6, 7, 8, 9 or 10) are summarised in table 6.4. All of the tensile testing 
experiments were performed as described in section 3.4.1. 
Although the polyurethanes in this series showed a definite downward trend in 
their ultimate tensile strength, moving from 1,3-propanediol to 1,10-
decanediol, within experimental error the only significant fall in the series was 
from 1 ,9-nonanediol to 1,1 O-decanediol. The exception to this general trend 
was the material where 1,4-butanediol was employed as the chain extender. 
As discussed in previous sections, the all trans, planar zigzag conformation of 
1,4-butanediol allows very effective bi-directional inter-hard segment 
interactions(148) This results in hard segment domains that are well organised 
and impart significant reinforcement to the polyurethane elastomer. These 
observations are supported by the thermal analysis data presented 
previously, which also indicated the 1,4-butanediol chain extended material 
had the greatest degree of phase separation and best ordered domains. 
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The results observed here, including the dramatic fall in ultimate tensile 
strength from the 1,9-nonandiol material to the 1,1 O-decanediol material are 
unlikely to be due to the change in hard segment content. The percentage of 
hard segment content by mass changes by less than 4% as you move 
through the series from 1,3-propanediol to 1,1 O-decanediol. This small 
change is likely to be insignificant in any analyses when experimental error is 
accounted for. 
The tensile data followed the same general pattern as both the FTIR 
spectroscopy and DSC results presented previously. The 1,3-propanediol 
material had a slightly higher ultimate tensile strength and a relatively low 
value of elongation at break. This tied in with the relative values of X and 
inter-urethane hydrogen-bonded carbonyl absorption maximum from the FTIR 
spectroscopy analysis and the high endotherm temperature observed in the 
DSC analysis. This pattern of agreement between the various analysis 
techniques was maintained until the 1 ,9-nonanediol material. 
The 1,9-nonanediol material had a low inter-urethane hydrogen-bonded 
carbonyl absorption maximum from the FTIR analysis and a high X value 
suggesting strong interactions within a well-defined domain structure. 
However, the ultimate tensile strength value for th is material was slightly lower 
than previous materials in th is series and the elongation at break value has 
increased. This pattern was also observed for the 1,1 O-decanediol material , 
where it was even more pronounced. A significant fall in modulus values was 
also observed for the 1,1 O-decanediol material. This pattern was attributed to 
the increase in chain length. It appeared that at the point of nine -CH2- units 
the chain extender has a significant degree of flexibi lity. This flexibility 
increases its abil ity to adopt favourable conformations for hydrogen bonding, 
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Chain Extender Ultimate Tensile Elongation at 100% Modulus 200% Modulus 300% Modulus 
Compound Strength Break IMPa IMPa IMPa 
IMPa 1% 
1,3-Propanediol 33 400 10.23 6.84 5.16 
1 ,4-Butanediol 36 450 10.42 6.52 4.59 
1 ,5-Pentanediol 31 410 10.21 6.23 4.19 
1,6-Hexanediol 31 420 9.85 5.86 4.12 
1,7-Heptanediol 31 400 9.45 5.77 4.06 
1 ,8-0ctanediol 30 390 9.19 5.61 3.77 
1,9-Nonanediol 28 470 10.71 6.38 4.22 
1,10-Decanediol 16 510 6.98 4.14 3.39 
Table 6.4. TensIle testmg results of the a,w-dlOl cham extended polyurethane elastomers. 
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but means that within the hard segment, further away from the hydrogen 
bonding groups, there is a level of disorder that is not possible in the smaller 
chain extenders_ This effect becomes more significant for the 1,10-
decanediol material where the kinks in the backbone and disorder in the hard 
segment result in significant reductions in modulus values and ultimate tensile 
strength and an increase in elongation at break as the reinforcing benefit of 
the domain morphology is diluted_ 
6.1.8 Cohesive Energy Density 
The cohesive energy densities for this series of polyurethane elastomers 
produced from PTMG, average soft segment molecular weight 1000, MOl and 
Cn a,w-diol chain extender (where n= 3,4,5,6,7,8,9 or 10) are presented in 
table 6_5. All calculations were performed as demonstrated in the example 
presented in chapter 3. 
For this series of materials, the cohesive energy densities of the diisocyanate, 
soft segment and individual chain extenders as separate entities in each 
formulation are the same. As described previously, the calculations conducted 
here, are, as the title indicates, energy densities (J/cm-3). The addition of 
repeat units to the chain extender backbone does not alter the cohesive 
energy density value of the chain extender. However, the addition of -CH2-
repeat units to the chain extender backbone does alter the cohesive energy 
density of the hard segment when considered as a whole. As more -CH2-
repeat units are added to the chain extender backbone the significant 
influence of the hydrogen bonding groups is diluted as the total cohesive 
energy of the system is spread across a larger volume. Hence, the hard/soft 
segment mismatch decreases down the series as more -CH2- repeat units are 
added_ This reduction in cohesive energy density mismatch should result in a 
reduction in the thermodynamic drive for phase separation to occur. 
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The experimental data do not appear to corroborate the behaviour that was 
suggested by the model. The IR spectroscopy data suggested that there was 
. very little difference in the degree of phase separation. This suggests that for 
the materials in this series the mismatches in CED between the hard and soft 
segments all exceed a threshold value above which phase separation occurs. 
The difference in CED between the materials in this series was not significant 
enough for a variation in morphology to arise. The degree of phase 
separation should not be confused as an indication of the order within the 
hard segment domains or their significance in enhancing the properties of an 
elastomer. 
The T g of the polyol also provides a good indication of the extent of phase 
separation within the elastomer. As the hard segment becomes less and less 
phase separated from the soft segment, the soft segment T g would be 
expected to rise. The materials in this series were produced using the same 
polyol, PTMG average soft segment molecular weight 1000. Therefore, if 
they are phase separated to significantly varying degrees, this should be 
obvious from the DSC, M-TDSC and DMTA analyses. The pattern predicted 
by the CED model is not found in the thermal analysis data. 
When the experimental error is taken into account, it cannot be said that the 
degree of phase separation decreases as you move down the series based 
on the Tg from either the DSC or DMTA experimental data. This implies that 
either the cohesive energy density model is invalid, cohesive energy density 
mismatch is not the driving force for phase separation, the experimental data 
is not valid or other factors must be taken into account. 
The most likely explanation is a combination of factors. The variance in 
cohesive energy predicted by the model may not be significant especially 
when other factors such as rigidity and geometry are taken onto account. It 
seems likely that the cohesive energy density mismatch provides the initial 
drive for phase separation to occur, but how well defined and ordered those 
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Material Chain Soft Hard Hard/Soft (All materials were of stoichiometry 2.1:1:1, two shot and cured at Diisocyanate Extender Segment Segment Segment 80°C as described in Chapter 3) CED CED CED 
(polyol avg. mol weight given in brackets) J/cm·3 J/cm·3 CED CED Mismatch J/cm·3 J/cm·3 J/cm·3 
MOl: 1,3-propanediol : PTMG (1000) 351.8 274.9 330.7 600.3 269.6 
MOl: 1,4-butanediol : PTMG (1000) 351.8 274.9 330.7 590.3 259.5 
MOl: 1,5-pentanediol : PTMG (1000) 351.8 274.9 330.7 580.8 250.0 
MOl: 1,6-hexanediol : PTMG (1000) 351.8 274.9 330.7 571.9 241.1 
MOl: 1,7-heptanediol: PTMG (1000) 351.8 274.9 330.7 563.5 232.7 
MOl: 1,8-octanediol : PTMG (1000) 351.8 274.9 330.7 555.5 224.8 
MOl: 1,9-nonanediol : PTMG (1000) 351.8 274.9 330.7 548.0 217.3 
MOl: 1 ,1 O-decanediol : PTMG (1000) 351.8 274.9 330.7 540.9 210.1 
.. Table 6.5. CohesIVe energy densities of chain extended polyurethane elastomers. 
Chapter 6 Cn a,m·Diol Chain·Extended Polyurethanes 
domains are will depend on other factors. In this series of materials, the 1,3-
propanediol material may, thermodynamically, have the greatest drive to 
phase separate, but due to its small size and geometry not be able to pack in 
a manner that results in well-defined domains. 
In this series, the thermodynamic drive is a significant factor in initially driving 
phase separation, but the geometry, symmetry and flexibility of the chain 
extender molecules seems to be crucial. If the CED mismatch is not 
exceptionally high, it appears that although the system phase separates the 
thermodynamic factors are not the controlling factors in the system. If the 
geometry of the hard segment does not lend itself to the formation of well 
ordered domains, other factors will influence the system and smaller hard 
segment domains are likely to be formed. These smaller domains will have a 
large percentage of their volume at the edge of the domain in disordered 
regions with little or no hard segment interaction. 
The results of this series of materials imply that with so many variables in a 
system cohesive energy density mismatch can only be used to indicate the 
likely level of phase separation and can not be used as an absolute indicator 
of likely morphology. 
6.2 Conclusions 
The variations in chain extender structure were found to have detectable 
effects on the properties and morphologies of the polyurethane elastomers 
prepared from them. 
Based on the results of the thermal and FTIR spectroscopy analyses, the 
degree of phase separation was very similar. These techniques also showed 
that the magnitude of order within these phase-separated regions differs 
markedly. 
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The cohesive energy density model was shown to require either user 
judgement to define what level of mismatch should be considered significant, 
or be rendered ineffective if other significant variables such as geometry are 
present, or, the difference in CED values for the materials analysed here was 
not significant enough to result in morphological variation that could be 
measured with the techniques employed here. 
All of the analysis techniques that were able to show a detectable effect on 
the properties and morphologies of the elastomers in this series showed 1,4-
butanediol to be a special case due to its all trans, planar zigzag geometry 
allowing very effective bi-directional inter-hard segment interactions to occur. 
The 1,4-butanediol material was shown to possess the most ordered 
domains. The 1,5-pentanediol to 1,8-octanediol materials showed similar 
results and should be considered to have comparable levels of phase 
separation and equivalent levels of order within these domains. 
The 1,3-propanediol, 1,9-nonanediol and 1,1 O-decanediol are well phase 
separated, but the level of order within these domains appears to be lower for 
these materials than the others in this series. 
232 
Chapter 7 
Conclusions and Future Work 
Chapter 7 Conclusions 
7.1 Conclusions 
Comparison of the CED differences between the various hard and soft 
segments of the materials in this study, when considered in conjunction with 
the structural and chemical influences, has allowed comment to be made on 
the relative influence of the various factors which contribute to phase 
separation in polyurethane elastomers. 
Variations in the chemical structure and cohesive energy density of the polyol, 
isocyanate or chain extender were found to have a significant impact on the 
morphologies and properties of the materials studied. 
All of the materials in this study yielded experimental results that suggested 
they were phase separated to a greater or lesser degree. 
With the possible exception of the PTMG average soft segment molecular 
weight 250 material presented in chapter 4, the properties of the elastomers 
manufactured with MDI were dominated by their soft segments. 
Where large scale soft segment crystallisation was feasible, the drive to order 
the soft segments appeared to dominate the drive to order the hard segments. 
This phenomenon was particularly noticeable for materials produced from the 
polyester 1412 material which possessed a very regular soft segment 
structure and formed very well ordered regions of soft segment crystallinity. 
The results of the CED calculations for the PTMG materials with various 
diisocyanates showed that the two TDI variants had a substantially larger 
thermodynamic drive to phase separate than the materials produced with the 
MDI and HDI diisocyanates. However, the practical results did not provide 
evidence to support this postulation. Consideration of the thermal data for all 
of the soft segments employed consistently showed that the MDI and HDI 
materials possessed a higher degree of phase separation and generally a 
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higher percentage of hard segments in well ordered domains then the TOI 
variants. 
Based on the results of the thermal and FTIR spectroscopy analyses of the 
a,co-diol chain extended materials presented in chapter 6, the degrees of 
phase separation in this series of materials were very similar. However, these 
techniques also showed that the magnitude of order within these phase-
separated regions differs markedly. 
All of the analysis techniques that were able to show a detectable effect on 
the properties and morphologies of the elastomers in this series showed 1,4-
butanediol to be a special case most likely due to its all trans, planar zigzag 
conformation allowing very effective bi-directional inter-hard segment 
interactions to occur. The 1,4-butanediol material was shown to possess the 
most ordered domains. The 1,5-pentanediol to 1,8-octanediol materials 
showed similar results and should be considered to have comparable levels 
of phase separation and equivalent levels of order within those domains. The 
1,3-propanediol, 1,9-nonanediol and 1,1 O-decanediol are well phase 
separated, but the level of order within these domains appears to be lower for 
these materials than the others in this series. 
Consideration of the cohesive energy density and practical analyses suggests 
that the materials can be divided into three groups on the basis of the level of 
cohesive energy density mismatch between the hard and soft segment. The 
first group would contain the materials with a very small or zero hard/soft 
segment mismatch. The second group, which would contain the majority of 
materials, would consist of those materials with an intermediate level of CEO 
mismatch between the hard and soft segments. The final group would consist 
of those materials where the CEO mismatch between the hard and soft 
segments was sufficiently large to result in the reactants separating if not 
agitated. 
235 
Chapter 7 Conclusions 
Although the cohesive energy density calculations appear to predict 
accurately the level of thermodynamic drive for phase separation, they do not 
give any indication of the form the hard and soft segment domains will adopt. 
This is due to other factors which will have a more significant influence on the 
form of the domains. These factors include hard segment content, soft 
segment molecular weight, and, in some systems, geometry, symmetry, the 
strength, proximity and number of any polar groups and steric factors. 
7.2 Future Work 
The programme of work described in this document could be continued and 
enhanced by pursuing several other paths of study. The results discussed 
here could be confirmed by using other analysis techniques such as SAXS, 
solid-state NMR spectroscopy and AFM to study the same materials. The 
AFM would be a very useful technique with these samples, particularly the 
thermal analysis probe which should give very interesting results. The Il-
thermal AFM data, if taken with the other data in this study, could illustrate the 
significance of well-ordered domains as opposed to large, poorly ordered, 
domains in improving the mechanical properties of the elastomer. The 
computer modelling technique employed to examine the a,Ol-diol chain 
extenders employed in chapter 6 may also provide interesting results if 
applied to a wider range of materials. These data would be of particular 
interest when studying materials where the soft segments and hard segments 
have similar CED values, but a wide range of structural variation and vice 
verse. 
One path of further study to pursue would be widening the range of materials 
examined. The study would be enhanced by the inclusion of polyureas and 
polyurethane-ureas produced from a range of amine-terminated 'polyols' and 
chain extenders. The inclusion of the amine analogues of the diol materials 
already studied would allow further comment to be made on the influence of 
structure versus CED as the driving force for phase separation. 
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This study could be further enhanced by a more detailed investigation of the 
effects of synthesis procedure and thermal history on phase morphology. 
This could include a comparison of one-shot, two-shot and quasi pre-polymer 
methods of elastomer production and the influence of cure temperature and 
post-cure annealing on the elastomer morphology. An attempt was made, as 
part of this study, to produce 'model' pre-polymers (see section 3.3.1) using 
both HOI and MOL There was not sufficient time for this section of the pratical 
work to be fully pursued within this study. This course of investigation would 
allow a detailed analysis of the importance of structural regularity in domain 
formation and improved mechanical properties through phase separation to 
be undertaken. 
The use of group interaction modelling methods in this study was limited to 
the calculation of CEO values to establish if the main driving force for phase 
separation was a simple thermodynamic incompatibility between the hard and 
soft segments of the polyurethane material. This aspect of the investigation 
could be greatly extended with the experimental data being used in 
conjunction with the Group Interaction Models (GIM) to investigate their use 
as a predictive tool for other polyurethane systems. 
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Appendix A 
Cohesive Energy Density Calculation Results 
Cohesive Energies of Polyurethane Elastomers 
Material Oiicocyanate Chain Soft Hard Hard/Soft 
(All materials were of stoichiometry 2.1 : 1 : 1 , two shot and cured at CEO Extender Segment Segment Segment 
80°C as described in Chapter 3) J/cm·3 CEO CEO CEO CEO 
(polyol avg. mol weight given in brackets) J/cm,3 J/cm,3 J/cm,3 mismatch 
J/cm,3 
HOI: 1,4,butanediol: Polyester 1412 (2000) 274.9 274.9 374.8 619.0 244,3 
HOI : 1,4-butanediol : Polybutadiene (2000) 274.9 274.9 300.8 619.0 318.2 
HOI : 1,4-butanediol : Polycaprolactone (2000) 274.9 274.9 389.8 619.0 ·229.3 
HOI :1,4-butanediol : PTMG (1000) 274.9 274.9 330.7 619.0 288.3 
HOI : 1,4-butanediol : PTMG (1400) 274.9 274.9 330.7 619.0 288.3 
HOI : 1,4-butanediol : PTMG (2000) 274.9 274.9 330.7 619.0 288.3 
TOI : 1,4-butanediol : Polyester 1412 (2000) 360.9 274.9 374.8 710.0 335.2 
TOI : 1,4-butanediol : Polybutadiene (2000) 360.9 274.9 300.8 710.0 409.2 
TOI : 1,4-butanediol : Polycaprolactone (2000) 360.9 274.9 389.8 710.0 320.2 
TOI :1,4-butanediol : PTMG (1000) 360.9 274.9 330.7 710.0 379.2 
TOI : 1,4-butanediol : PTMG (1400) 360.9 274.9 330.7 710.0 379.2 
TOI : 1,4-butanediol : PTMG (2000) 360.9 274.9 330.7 710.0 379.2 
TOI (80/20) : 1,4-butanediol : Polyester 1412 (2000) 360.9 274.9 374.8 710.0 335.2 
TOI(80/20) : 1,4-butanediol : Polybutadiene (2000) 360.9 274.9 300.8 710.0 409.2 
------ ---------
TDI(80/20) : 1,4-butanediol : Polycaprolactone (2000) 360.9 274.9 389.8 710.0 320.2 
TDI(80/20) :1 ,4-butanediol : PTMG (1000) 360.9 274.9 330.7 710.0 379.2 
TDI(80/20) : 1,4-butanediol : PTMG (1400) 360.9 274.9 330.7 710.0 379.2 
TDI(80/20) : 1,4-butanediol : PTMG (2000) 360.9 274.9 330.7 710.0 379.2 
MOl: 1,4-butanediol : Polyester 1381 (2000) 351.8 274.9 410.0 590.3 180.2 
MOl: 1,4-butanediol: Polyester 1412 (2000) 351.8 274.9 374.8 590.3 215.5 
MOl: 1,4-butanediol : Polybutadiene (2000) 351.8 274.9 300.8 590.3 289.5 
MOl: 1,4-butanediol : Polycaprolactone (1250) 351.8 274.9 389.8 590.3 200.5 
MOl: 1,4-butanediol : Polycaprolactone (2000) 351.8 274.9 389.8 590.3 200.5 
MOl: 1,4-butanediol : PTMG (250) 351.8 274.9 330.7 590.3 259.5 
MOl: 1,4-butanediol : PTMG (650) 351.8 274.9 330.7 590.3 259.5 
MOl: 1,4-butanediol : PTMG (1000) 351.8 274.9 330.7 590.3 259.5 
MOl: 1,4-butanediol : PTMG (1400) 351.8 274.9 330.7 590.3 259.5 
MOl: 1 ,4-butanediol : PTMG (1800) 351.8 274.9 330.7 590.3 259.5 
MOl: 1,4-butanediol : PTMG (2000) 351.8 274.9 330.7 590.3 259.5 
MOl: 1,4-butanediol : PTMG (2900) 351.8 274.9 330.7 590.3 259.5 
MOl: 1,4-butanediol : PPG (2000) 351.8 274.9 340.4 590.3 249.9 
MOl: 1,4-butanediol : Poly(dimer acid-co-ethylene glycol) 351.8 274.9 335.8 590.3 254.5 
MOl: 1,4-butanediol : Poly(dimer acid-co-1 ,6-hexanediol-co- 351.8 274.9 349.6 590.3 240.7 
adipic acid) 
-MOl: 1,4-butanediol : Poly(2-methyl-1,3-propylene) (1000) 351.8 274.9 420.5 590.3 169.8 
MOl: 1,4-butanediol : Poly(2-methyl-1 ,3-propylene) (2000) 351.8 274.9 420.5 590.3 169.8 
MOl: 1,4-butanediol : Poly 1 ,2-butylene (2000) 351.8 274.9 326.0 590.3 264.3 
MOl: 1 ,4-butanediol : Poly(1 ,4-butylene adipate) 351.8 274.9 410.0 590.3 180.4 
MOl: 1,4-butanediol : Poly(polytetrahydrofuran carbonate) 351.8 274.9 341.2 590.3 249.1 
MOl: 1,4-butanediol : Poly(1,4-butylene)glutarate . 351.8 274.9 423.1 590.3 167.1 
MOl: 1,3-propanediol : PTMG (1000) 351.8 274.9 330.7 600.3 269.6 
MOl: 1 ,4-butanediol : PTMG (1000) 351.8 274.9 330.7 590.3 259.5 
MOl: 1,5-pentanediol : PTMG (1000) 351.8 274.9 330.7 580.8 250.1 
MOl: 1 ,6-hexanediol : PTMG (1000) 351.8 274.9 330.7 571.9 241.1 
MOl: 1,7-heptanediol: PTMG (1000) 351.8 274.9 330.7 563.5 232.7 
MOl: 1,8-octanediol : PTMG (1000) 351.8 274.9 330.7 555.5 224.8 
MOl: 1 ,9-nonanediol : PTMG (1000) 351.8 274.9 330.7 548.0 217.3 
MOl: 1,1 O-decanediol : PTMG (1000) 351.8 274.9 330.7 540.9 210.1 



